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Editorial on the Research Topic

Hysteresis Characterization and Control of FElectrorheological and Magnetorheological
Materials

INTRODUCTION

Smart materials, specific referring to electrorheological/magnetorheological (MR) fluids and
elastomers, are providing incomparable prospect of the “old” applications, such as vehicular/seat
suspensions with vibration/shock mitigation control, engine mount, brake and torque transmission
systems, anti-earthquake structures for civil buildings, medical rehabilitation actuators, robotic end
effectors, active vales/actuators. However, from academic and industrial viewpoints, hysteresis
properties of the materials and the structures are the core of the obstacle of “optimal” applications.

Different with many other well-established smart materials and structures journals such as Smart
Materials and Structures and Journal of Intelligent Material Systems and Structures, the primary
objective of this Special Issue in Frontiers in Materials is to provide an open-access forum for
researchers and practitioners to exchange their latest achievements and to identify critical issues and
challenges for future investigation on the hysteresis-based design, modelling, optimization and
control dynamic systems. This special issue has accepted 13 high-quality papers after rigorous
interactive peer-review processes, the contents of which are summarized as follows.

HYSTERESIS IN MATERIALS

Sokolovski et al. enhanced the MR effect with the shear-thickening (ST) property. The viscosity of ST
fluids when subjected to sudden impacts increases dramatically which may provide a viable
alternative to typical MR suspensions in certain applications. The authors measured properties
of MRST materials with different iron concentrations, thus demonstrating behaviours of the
material, i.e,, from a material with a weak MR effect and a strong ST property to the one with a
strong MR effect and less pronounced ST behaviour. The authors classified the MRST fluid
behaviour into three regimes for designing application-oriented materials.

In another study involving MRST fluids Yu et al. demonstrated the performance of an MR
damper using such material for seismic applications. Moreover, the damper includes a fail-safe
circuit (in the form of a permanent magnet) for bi-directional control. The authors presented a
working principle of the damper, show their finite-element calculations of the magnetic field
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distribution in the MR valve, and then highlighted the
experimental results of the damper subjected to various
excitation inputs. It is shown that the device has the ability to
be controlled by magnetic field, and reveal the ST behaviour at the
same time.

In the work by Zhang et al., the dynamic mechanical properties of
MR elastomers under cyclic loadings and periodic magnetic field
were investigated and analyzed, including the influences of matrix,
particle distribution, magnetic field on the dynamic mechanical
hysteresis. They found that all the mechanical pressure, shear
strain, as well as periodic magnetic field would cause a hysteresis
in the dynamic mechanical properties of the MR elastomer, and the
hysteresis tends to be saturated after cycles.

HYSTERESIS IN DEVICES

Lozoya-Santos et al. presented a general modeling approach for
MR shock absorbers using the characteristic diagrams, i.e., force-
displacement, force-velocity, and force-acceleration loops. One
certain pattern of seven can be obtained for model design after
analyzing the diagrams at different frequencies of interest. The
experimentally validated new general modeling approach with
simply mathematical expression could provide decent
performance with 2-10% errors.

Goldasz et al. thoroughly investigated the hysteretic behavior
of MR dampers. Different with the existing models for combined
hysteretic behavior of MR actuators by observing the
relationships between the output and the inputs. They
presented and explained that the two hysteretic mechanisms -
mechanical/hydraulic and magnetic are the distinct terms, and
they should be split in the modeling process. Both the Duhem
model and the derived Maxwell type model were used in the work
for illustration purposes. Based on the approach they proposed,
each hysteresis mechanism can be studied independently, and
then essential understanding of the hysteretic behavior of MR
devices can be obtained.

Guo et al. investigated the nonlinear behavior of MR damper
with emphasis on the coupled inertial-viscous-frictional-elastic
transients of the two-dimensional (2D) axisymmetric flow of the
compressible Herschel-Bulkley fluid. The viscoplasticity and
compressibility of MR fluid are, respectively, modeled by the
modified Herschel-Bulkley model and the Tait equation.
Significant conclusions were: coupled transients of an MR
damper are frequency dependent, and the weak compressibility
of MR fluid mainly happens in the chamber rather than in the
working gap and is crucial to accurately predict and understand the
dynamic performances of MR dampers. It is of help in research on
general MR devices design and modeling.

In the work by Li et al,, they attempted to reduce or eliminate the
effect of the magnetic hysteresis of the MR damper using Jiles-
Atherton (J-A) model and a magnetic hysteresis compensation
control method was proposed. Magnetic induction intensity was
obtained via an embedded Hall sensor in MR fluid damper. The
proposed hysteresis compensation method with a PID controller can
eliminate the effect of hysteresis under both low frequency and high
frequency inputs. The output damping force of the MR impact buffer

Editorial: EdHys

system indicated that the buffer performance has been improved by
employing the magnetic hysteresis compensation control method.
Zhong et al. combined a MR damper and a MR inerter according
to the design concept of “functional integration”, and realized an
integrated shock absorber with both tunable inertance and damping.
A new integrated inerter-spring-damper with both adjustable
inertance and damping characteristics when applied with coil
currents was further proposed. Mechanical output characteristics
of the integrated inerter-spring-damper were analyzed, and the
integrated inerter-spring-damper-based 1/4 vehicle suspension
provided an improved vibration mitigation performance.

HYSTERESIS IN SYSTEMS

In the applications of seat suspensions/isolation systems, Zhu et al.
and Liu et al. studied a cab seat suspension with a MR fluid damper-
and a MR elastomer-based semi-active seat suspension isolator,
respectively. In order to address the core problem of the
nonlinear hysteresis, Zhu et al. presented a unified-format model
expression for both Bingham and Bouc-Wen models, while Liu et al.
used the adaptive neural network. Experimental results of the two
semi-active systems show the superiority of the controlled systems.

Specifically, for the system controller of another application of
MR semi-active seat suspension, Liu et al. proposed a new
controller - particle swarm optimization (PSO)-improved fruit
fly optimization algorithm (IFOA)-based PID. By incorporating
PSO and IFOA into the PID-parameter searching processing, a
globally optimal PID-parameter set can be found. Both numerical
and experimental studies were conducted to evaluate the
vibration isolation performance of the new controller. The
results validated that the PSO-IFOA method can optimize the
PID parameters for controlling the semi-active seat suspension
and outperforms the other controllers.

For the application of vehicle suspensions, in the work by Vivas-
Lopez et al, multi-body dynamic analysis considering the
mechanical components-nonlinear MR damper and the joints of
a McPherson suspension was conducted. The stress concentration
analysis was also given for the semi-active suspension performance
evaluation. It provided very helpful results that the semi-active
suspension will not only improve the vibration attenuation, but
also decrease the stress concentrations in the suspension elements.

Dong et al. proposed a new variable stiffness and damping
vibration absorber using MR technology for torsional vibration
application - powertrain systems. Detailed model of the system
input excitation from the powertrain system as well as the
human-simulated intelligent controller for the new MR semi-
active system are provided. With consideration of the nonlinear
hysteresis of the components, reasonable results were provided in
the work. The proposed concept of the smart device would be
helpful for engineering applications.

Finally, we know that the selected topics and papers are not a
comprehensive representation of the area of this special issue.
Nonetheless, they represent the rich and many-faceted knowledge
that we have the pleasure of sharing with the readers. We would like
to express appreciation to the authors for their excellent
contributions, to the reviewers for the quality check of the special
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This paper aims to improve control performance for a magnetorheological damper
(MRD)-based semi-active seat suspension system. The vibration of the suspension
is isolated by controling the stiffness of the MRD using a proportion integration
differentiation (PID) controller. A new intelligent method for optimizing the PID
parameters is proposed in this work. This new method appropriately incorporates
particle swarm optimization (PSO) into the PID-parameter searching processing of
an improved fruit fly optimization algorithm (IFOA). Thus, the PSO-IFOA method
possesses better optimization ability than IFOA and is able to find a globally optimal
PID-parameter set. The performance of the PID controller optimized by the proposed
PSO-IFOA for attenuating the vibration of the MRD suspension was evaluated using
a numerical model and an experimental platform. The results of both simulation and
experimental analysis demonstrate that the proposed PSO-IFOA is able to optimize
the PID parameters for controlling the MRD semi-active seat suspension. The control
performance of the PSO-IFOA-based PID is superior to that of individual PSO-, FOA-, or
IFOA-based methods.

Keywords: magnetorheological damper, semi-active seat suspension, vibration control, artificial intelligence, PID
controller

INTRODUCTION

Engineers often work in a high vibration environment, which seriously affects their health (Maikala
and Bhambhani, 2013). Seat suspension is widely used as a buffer unit to solve the hostile vibration
problem. Compared to other existing seat suspension systems, semi-active seat suspension based
on a magnetorheological damper (MRD) has the advantages of a simple structure, low power
consumption, strong damping force-adjustment capability, and fast response speed. Moreover, the
natural frequency and damping characteristics of the semi-active seat suspension can be adjusted
according to the excitation frequency, which can improve damping performance. However, it is
difficult to obtain the proper natural frequency and damping performance in the absence of an
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Control of MRD Suspension Seat

effective control strategy. For this reason, achieving high
performance control for semi-active seat suspension systems has
become an essential research topic in recent years.

Proportion integration differentiation (PID) controllers have
been widely used in industrial contexts because of their
advantageous characteristics of having a simple structure,
strong robustness, high cost-benefit ratio, and high reliability
(Kuntanapreeda, 2016; Zamani et al., 2017; Pan et al., 2018).
PID controllers have found application in process control
(Mukherjee and Ghoshal, 2007), flight control (Savran et al.,
2006), motor driving control (Hernandez-Guzman and Carrillo-
Serrano, 2011), and instrumentation (Feng et al., 2014). The most
important factor that affects the performance of a PID controller
is the determination of the PID parameters (Ang et al., 2005;
Ramezanian et al., 2013). Because of the strong non-linearity and
time delay that is in the nature of an engineered system such
as a semi-active seat suspension system (Zhou et al., 2011; Lu
et al.,, 2015), it is necessary to optimize the parameters of the
PID controller. The fruit fly optimization algorithm (FOA) (Shi
etal., 2015), which has been developed according to the foraging
behavior of fruit flies, is able to address the problem of PID
parameter optimization (Wang and Liu, 2014; Han et al., 2016;
Wang et al., 2016). However, due to the fixed flight distance and
blind search direction in individual fruit flies, the optimization
performance of the FOA is not always satisfactory due to the
fact that some individual fruit flies cannot escape from a local
optimum (Pan et al., 2014). Particle swarm optimization (PSO),
which is based on the feeding behavior of flocks, is another
method for optimizing the PID parameters (Meissner et al.,
2006). However, it is easy to fall into a local optimum, and
a particle cannot jump out of its own cycle (Srivastava and
Agarwal, 2010). The improved fruit fly optimization algorithm
(IFOA) is an optimization of the FOA with increased global
search capability for optimizing the PID parameters. However,
its control accuracy is still not ideal (Liu et al., 2017). To solve
this problem, this paper develops a new method based on particle
swarm optimization and the improved fruit fly optimization
algorithm (PSO-IFOA) to optimize the PID parameters for the
vibration control of semi-active seat suspension and shows that
it possesses better dynamic response characteristics and control
accuracy compared with FOA, PSO, and IFOA. The control
performance of the PID controller optimized by PSO-IFOA is
evaluated using simulations and experimental tests.

The rest of this paper is organized as follows. In section
Literature Review, a literature review is performed. In section
Proposed Method, the basic theories of PID parameter
optimization and FOA are presented, the PSO-IFOA is proposed.
In section Vibration Control Performance, Simulation and
experimental tests are carried out to evaluate the PSO-IFOA
method. Conclusions and future work are summarized in section
Conclusions and Future Work.

LITERATURE REVIEW

The most recent publications relevant to this paper have mainly
been concerned with two research streams: PID parameter

optimization and FOA. In this section, we try to summarize the
relevant literature.

PID Parameter Optimization

The parameter adjustment of a traditional PID mainly relies
on working experience. In Xu (2015), the leapfrog algorithm
was used to improve the global search capability of the
FOA and optimize the PID parameters, and the relevant
experimental results indicated that the performance of the
PID controller had been optimized significantly. Fuzzy logic,
genetic algorithms, and neural networks were used to tune
the PID parameters, and the results indicated that a controller
with a combination of these algorithms was better than the
conventional controller (Alkamachi and Ercelebi, 2017; Eduardo
et al.,, 2018; Eltag et al., 2019). Vijayakumar and Manigandan
(2016) proposed an ant colony optimization algorithm to
optimize the genetic algorithm and PID parameters and found
through experimental study that a non-linear PID-based on
the enhanced genetic algorithm was more suitable for servo
control and supervisory operation. Liu et al. (2018) proposed
a parameter adjustment approach for PIDs based on iterative
learning control. The relevant simulation and experimental
results indicated that the proposed approach could intelligently
adjust the PID parameters of an atomic force microscope.
Bhambhani and Shah (2016) adjusted the parameters of
a PID controller by a novel optimization approach called
queue intelligence, and it proved to present a better response
than the genetic algorithm. Mei and Luo (2017) proposed a
parameter optimization approach for PID controllers based
on improved coevolution and found that this approach had
better convergence speed, adaptability, and precision and wider
application prospects.

Fruit Fly Optimization Algorithm

In recent years, many researchers have started to focus on
the FOA. In Yu et al. (2015), an IFOA was proposed to
identify the parameters for an improved LuGre friction model
used in the modeling for MRD. The IFOA was shown to
be able to enhance the convergence rate of the algorithm
and to avoid local optima. Yu et al. (2014, 2016) used an
IFOA based on a self-adaptive step update strategy (SSFFOA)
to characterize a magnetorheological elastomer (MRE) base
isolator, and an enhanced PSO was used to identify the
model parameters for the MRE base isolator. Meanwhile, the
superiority and feasibility of the proposed algorithms were
verified. Ahmet et al. (2017) proposed an improved version
of FOA and showed through experiment that the improved
version of FOA was more equal and fairer in terms of
screening the solution space. Xu et al. (2016) proposed an
IFOA and illustrated its effectiveness and superiority through a
comprehensive comparison among five typical algorithms. Han
et al. (2017) developed a novel FOA with trend search and
coevolution and showed experimentally that the novel FOA had
higher robustness. Lei et al. (2016) proposed a novel fruit fly
optimization clustering algorithm to identify dynamic protein
complexes by combining FOA and gene expression profiles.
Zheng and Wang (2016) proposed a knowledge-guided FOA
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to deal with the dual resource-constrained flexible job-shop
scheduling problem and experimentally verified the effectiveness
of the proposed algorithm.

Discussion

Many PID parameter optimization approaches have been
proposed in the above literature and have been applied in
recent decades, but these also have some shortcomings.
Firstly, PID controllers designed by different intelligent
algorithms have diverse control effects on the same system.
Secondly, conventional PID controllers have a worse control
effect than PID controllers designed with an intelligent
algorithm. Thirdly, due to the large non-linearily and
hysteresis of semi-active seat suspension, it is necessary to
design a control system with a faster response, more accurate
control, and less overshoot to address these problems. Lastly,
FOA has great advantages in terms of iteration rate and
encoding efficiency but still has the potential to fall into a
local optimum.

Therefore, a PSO-IFOA is proposed to adjust the
parameters for the PID controller of an MRD-based
semi-active seat suspension. The velocity formula of PSO
is utilized to redefine the flight distance and direction
of IFOA to reduce the possibility of blind search of
individual fruit flies. The convergence precision of IFOA
can be enhanced, and local optima can be avoided. Both
a simulation model and an experimental system of the
MRD-based semi-active seat suspension are established to
evaluate the effectiveness and correctness of the proposed
PSO-IFOA-PID method.

PROPOSED METHOD
Proposed PSO-IFOA Method

FOA is a global intelligent optimization algorithm that is
established by simulating the foraging behavior of the fruit fly.
The FOA can be implemented via the following steps (Liu et al.,
2017).

Step 1: Determine the population amount (PA), the maximum
iteration number (INpqy), flying distance range (FR), group
location range (LR), and initial location (X_gyis, Y_axis) of the
fruit fly population.

Step 2: Calculate the random flight direction and distance to
search for the food of the individual fruit fly.

{Xi = X gxis + 2FR x Rand; — FR )
Yi =Y ,xis + 2FR x Rand; — FR

Step 3: Calculate the distance between the individual fruit
fly and the origin, and then calculate the flavor concentration
parameter, which is the reciprocal of the distance.

Distance : Dist; = / X;> + Yi2, (2)
Concentrationparameter : S; = 1/Dist;. 3)

Step 4: Substitute S; into the fitness function, calculate the
value of the flavor concentration function Smell;, and find the best

flavor concentration in the fruit fly population. In this paper, the
minimum value is taken as the best flavor concentration.

Smell; = Function(S;),
[bestSmell, bestindex] = min(Smell).

(4)
©)

Step 5: Obtain the best flavor value and the coordinates of
(X—axis: Y—axis)~

Smellbest = bestSmell, (6)
X axis = X(bsetindex) )
Y axis = Y(bsetindex)

Step 6: When the smell concentration reaches the preset
precision value or the iteration number reaches the maximal
INpayx, the search stops. Otherwise, repeat Steps 2-5.

Because the flight distance of an individual fruit fly in FOA
is within a fixed interval and the search direction is blind, the
probability of individual fruit fly falls into a local optimum greatly
increases. In order to enhance the capacity of global and local
search, the FR should be optimized.

The position of particles in PSO is affected by the current
speed, memory, and optimal location of the population. The
search direction of an individual fruit fly could be guided by PSO.
The velocity equation of PSO can be used to replace the random
flight distance of FOA to improve the search capability; this is
described as follows:

Xi =X axis + (WVii + cx1m1 (Xfaxis - Xi)
Feat2 (Xpesr — Xi))

Y= Y_axis + (vai + Cylrl(Y_axis -
+Cy2r2(Ybest - Yl))

Y’ ®

where w is the inertia weight and c1, ¢x2, ¢y1, and ¢y, are the
learning factors; the random constants r; and r, are within [0,
1]; Vyi and Vy; are the flying speed of an individual fruit fly
along the X and Y directions. The increase of the inertia weight
can enhance the global search capability but decrease the local
search capability and vice versa. Therefore, in order to achieve
a good trade-off between global and local search capabilities, the
inertia weight w should maintain a large value in the early stage of
operation and a small value in the later stage of operation. In this
paper, the normal distribution formula is used as the prototype,
and the difference x between the individual’s position and the
global optimum position is used as an independent variable to
update the inertia weight w, as follows:

x = ki(smell(i) — smellbest), 9)
k> (-2
= 2/, 10
fx) me (10)
w = k3el 0D 4k, (11)

where k1 = 100, k, = 16, k3 = 1, k4 = 0.2, k1, ky, and k3 are
used to control the change rate of the inertial weight and the
upper limit of the control parameters, and k4 is used to control
the upper and lower limits of the inertia weight. In this method,
when the gap between the individual and the global optimum
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FIGURE 1 | The change rule of inertia weight with iteration number.

positions is large, the calculated inertia weight is large, which
increases the individual’s global search capability. Meanwhile,
when the gap between the individual and the global optimum
positions is small, the calculated inertia weight is small, which can
accelerate toward the optimal point. Figure 1 shows the change
rule of inertia weight with iteration number in the calculation,
which indicates that the inertia weight maintains a large value in
the early stage of operation and a small value in the later stage
of operation and that the parameter values of k;-k4 can meet our
requirements in the calculation. The flowchart of the proposed
PSO-IFOA is illustrated in Figure 2.

Feasibility Verification of Search Capability

of PSO-IFOA

In order to verify the search capability of the PSO-IFOA,
four tests were conducted using four popular functions (ie.,
Ackely, Rastrigin, Schewell, and Matyas) (Xu et al., 2016). The
convergence trend and optimization precision of the tests were
compared using FOA, PSO, IFOA, and PSO-IFOA. Table 1
shows the optimal solutions of the four test functions. The
initialization conditions were the same for the four algorithms;
that is, the population quantity was 30, and the iteration
number was 100. Figure 3 shows the convergence curves of the
test functions.

As can be seen in Table 1, the smallest optimal solution of
the four test functions is produced by the proposed PSO-IFOA
method. Figure 3 shows that the proposed PSO-IFOA has a fast
convergence speed and a higher convergence precision than the
other three methods.

Feasibility Verification of PSO-IFOA for

Optimizing PID Parameters

The feasibility of PSO-IFOA for optimizing PID parameters
was investigated using a numerical model of a semi-active seat
suspension system. Modeling of the semi-active seat suspension
system mainly included two aspects, which were human body
dynamics modeling and seat dynamics modeling. The research

Initialize PA, LR, IN
and FR
Obtai l T Calculate distance and
tal’n grf) op oc'atlon smell concentration
(X axis,Y axis)

F )

IN+1 Obtain fitness of each
individual

)

Select the bestsmell
and bestindex

mell concentration
reaches preset?

Iteration number
reaches Inmax?

Gain mdividual bestsmell>smellbest:

location

smel lbest = bestsmell
X .. = Alestindex)
Y o= Wbest index)

FIGURE 2 | Flowchart of PSO-IFOA.

TABLE 1 | The optimal solution of the four test functions.

Algorithm Ackely Rastrigin Schewell Matyas
FOA 0.0421 0.0357 —0.00175 3.54e-06
PSO 6.68e-08 0.0368 —0.000782 7.44e-13
IFOA 0.00241 0.00112 —0.0000741 9.80e-09
PSO-IFOA 2.22e-15 7.11e-15 —1.70e-20 8.06e-21

in this paper is mainly concerned with the vibration absorption
performance of semi-active seat suspension, which is the
vibration attenuation transmitted from a cab to a human body.
In this situation, the human body can be considered to a mass
block without considering its internal vibration characteristics. In
the actual seat suspension, the cushion also possesses vibration
damping performance due to its characteristics of stiffness and
damping. Therefore, the vibration damping characteristics of the
cushion should be considered in establishing the semi-active seat
suspension model. A shear suspension structure was adopted in
this research due to its good lubrication at the turning structure,
and the friction resistance at the rotating structure was then
ignored. In order to simplify the calculation process, a 2-DOF
semi-active seat suspension model was established. The human
body was simplified as a mass block with equivalent mass of
my, the cushion was simplified as a spring and a damper, with a
massless elastic coefficient and a damping coeflicient of k; and
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c1, respectively. The suspension was regarded as a subsystem
with equivalent mass of mjy, equivalent stiffness of k», and
variable damping coefficient of ¢;. The kinematics equation was
established according to the 2-DOF semi-active seat suspension
model, as shown in Equation (12).

miXy + c1(%1 — X%2) + ki(x; —x) =0

where u is the vibration excitation transmitted from the cab to the
seat suspension, x; is the displacement response of the top plate
of the seat suspension, and x; is the displacement response of the
human body; % and X; are the first and second derivatives of x;,
X, and X, are the first and second derivatives of x,, and i is the
first derivative of u. In this study, k1 = 19,496 N/m, k; = 150,261
N/m, ¢; = 2,165 Ns/m, c; = 1,600 Ns/m, m; = 18 kg, m, = 70 kg.

iy — 1y — %) — k1 (1 — x2) — ea(it — &) (12) The kinematic Equation (12) was transformed in Laplace
Kt —x3) =0 transform, and the transfer function of human displacement
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response X
as follows:

and vibration excitation u could be obtained

G =M = (c15 + k1)(c2s + ka)
u (mys% + c1s + ki) (mas? + c1s + cps + ki + k)
—(c1s + kp)% (13)

The parameters of the PSO-IFOA, IFOA, PSO, and FOA were set
as: PA = 50, INyax = 100, (X_gyie» Y—axis) € (0, 5), FR = 0.5, w;
=0.999, w, =0.001, w3 =2.0,and w4 = 100.

TABLE 2 | Control performance evaluation indicators of the controllers.

In the simulation, a step command signal was input into the
control system. The simulation time was 0.4 s. The convergence
curves of the comprehensive performance index function J for
the different control methods are shown in Figure 4A, and the
step response curves of each controller are shown in Figure 4B.
Table 2 provides the control performance evaluation indicators.
It can be seen in Figure4A that the convergence speed and
precision of the PSO-IFOA controller are superior to those
of the FOA, PSO, and IFOA controllers. This is because the
proposed PSO-IFOA method possesses a stronger global search
capability than the others. One can observe in Figure 4B and
Table 2 that the PSO-IFOA-optimized PID controller produces
the best overshoot and adjustment time of the four methods. The
proposed PSO-IFOA PID controller outperforms the other three
methods in terms of dynamic characteristics.

Controller type*  Conventional FOA PSO IFOA PSO-IFOA
/% 42.33 1465  7.95 0 0 VIBRATION CONTROL PERFORMANCE
ts/s 0.118 0.094 0.098 0.078 0.052 S. .
imulation Results
t/s 0.028 0.032 0.046 0.091 0.062 . L.
In order to evaluate the effectiveness of the PSO-IFOA-optimized
*o is the overshoot, and ts is the adjustment time. PID controller, an MRD-based semi-active seat suspension
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FIGURE 5 | Acceleration and displacement responses under collision vibration.
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FIGURE 6 | Acceleration and displacement responses under harmonic vibration.
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system was established using Matlab/Simulink. The MRD
damping effect was considered in this model. The displacement
and acceleration responses of the human body were measured
under different excitations such as collision and harmonic
and random vibrations that were imposed on the seat model.
The vibration control performances of the FOA-PID, PSO-
PID, IFOA-PID, and PSO-IFOA-PID methods are shown in
Figures 5-7. The root-mean-square (RMS), peak-to-peak (PTP),
and vibration-dose-value (VDV) of the acceleration response
were adopted as the criteria with which to evaluate the random
vibration effect.

The displacement and acceleration responses of the human
body in the condition of collision vibration are shown in
Figure 5. As can be seen in the figure, compared to the other three
controllers, the peak values of human acceleration at the first
four waves were smallest with the proposed PSO-IFOA method,
the overshoot of the proposed method was, respectively, reduced
by 16.29, 6.04, 2.35, and 0.43%, and the stabilizing time was,
respectively, decreased by 35.6, 20.6%, 12.99, and 2.5% compared
to the other methods.

The displacement and acceleration responses of the human
body in the condition of harmonic vibration are shown in
Figure 6. As can be seen in the figure, compared to the other three
controllers, the proposed PSO-IFOA method has the smallest
peak values of human acceleration at the first four waves, and its
overshoot was, respectively, reduced by 71.2, 47.6, 28.7, and 3.7%
compared to the other methods.

Figure 7 depicts the displacement and acceleration responses
of the human body in the condition of random vibration. As can
be seen in the figures, compared to the other three controllers,
the displacement and acceleration amplitudes are smallest with
the proposed PSO-IFOA method. Thus, the damping effect of the
MRD can be better controlled by the proposed method.

Table 3 compares the RMS, PTP, and VDV of the acceleration
amplitude using different controllers. One can note that the
proposed PSO-IFOA-PID controller decreased the RMS values
by 60.26, 46.25, 33.06, and 9.17%, respectively, when compared
with the other four methods; the PTP was, respectively,
decreased by 43.74, 36.85, 28.95, and 13.06%, and the VDV
was, respectively, reduced by 39.93, 29.87, 17.37, and 7.08%. As
a result, the control performance of the proposed method is
superior to those of the other methods in the simulations.

Experiments

Introduction to MRD

The design principle of MRD is that the curing degree of
magnetorheological fluid (MRF) is controlled in real time by
changing the magnetic field intensity at the damping channel
so as to achieve the purpose of controllable damping force. The
structure of the MRD is shown in Figure 8. When uneven road
excitation occurs, relative motion will appear in the vehicle body
and seats, which results in variation in displacement on either
side of the MRD. The MRD will then be stretched or compressed,
and the MRF will be pushed from one working space to another.
In this process, the friction between the MRF and the pore wall
and the internal friction between liquid molecules cause the
generation of damping force, which causes the vibration energy
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FIGURE 7 | (A) Acceleration responses under random vibration, and (B)

displacement responses under random vibration.
TABLE 3 | Acceleration response characteristics under random vibration.

Conventional FOA PSO IFOA PSO-IFOA

RMS (m/s?) 0.4112 0.3057  0.2441 0.1799 0.1634
PTP (mm) 3.9362 3.5095 3.1193  2.5494 2.2162
VDV (m/s'7%) 1.5356 13156 1.1165  0.9928 0.9225

of the whole suspension system to be converted into thermal
energy and consumed to achieve the aim of reducing vibration.
In order to make the design of MRD more reasonable, the key
sizes of the MRD are optimized by the genetic multi-objective
optimization algorithm, which possesses better accuracy in
achieving multi-objective optimization. The implementation
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of the optimization processes can be achieved through the
following steps.

Step 1: Define the damping force equation and the adjustable
multiple calculation model of the MRD, which is as follows:

12nLA%v  3LApT
FV = Fn + Fr = TCDh3 h > (14)
F.  nDth?
By = = s (15)
F; AnAyv

where F, is the non-adjustable viscous damping force, F; is
the adjusted coulomb damping force, 1, 7, and v are the
dynamic viscosity, shear yield stress, and flow velocity of MRE,
respectively. L, Ay, D, and h indicate the effective length, effective
area of the inner ring, inner diameter, and clearance thickness of
the damped channel, respectively.

Step 2: Establish the mathematical model of the optimized
objective function, which as follows:

By

ﬂvmax

Fy

G(x) =m R (16)

+n

vmax

where m and n are the weighting coefficients, and the sum of m
and nis 1.

Step 3: Set the optimization variables and the corresponding
value range. These are shown in Equations (17) and (18).

X =[L hD,d]", (17)
001m<L<0.04m
< <
0.0005 m < h < 0.003 m (18)

0.025m <D <0.045m °

density: 7.86 g/cm’; Beijing DK Nano Technology Co., Ltd.),
dimethyl silicone oil (viscosity: 100 cSt at 25°C, density: 0.965
g/cm®; Shin-Etsu, Japan), sodium dodecylbenzenesulfonate,
oleic acid (purity 90%), graphite, and diatomite powder.
The zero-field viscosity, saturation yield stress, and working
temperature of MRF-250 are 242.5 mPaes, 55.25 kPa, and —40
to 150°C, respectively.

Introduction of the Experimental System

Vibration experiments were performed on the semi-active
seat suspension with MRD to evaluate the actual control
performance of the proposed control method. The experimental
system consists of a 6-DOF vibration table (model 6ZYD,

FIGURE 9 | Photograph of the developed MRD.

TABLE 4 | Main technical indicators of the TMS320F28335 development board.

Master processor TMS320F28335, dominant frequency: 150 KHz

0.015m <d < 0.025m SRAM 34K x 16 bits in chip, 0 waiting; 512K x 16 bits out of
- chip, 15 ns.
where d is the diameter of a coil. In this study, the optimized FLASH igi?)K;é :186 bits in chip, 36 ns; 512K > 16 bits out of
p afia;neters were Setda;]“ - 0'02f6 ml h=0.001m, D h= 0.03 n;l ROM BOOT ROM 8 Kx 16 bits in chip; OPT ROM 1K x 16
andd = 0.922 m and the turns 9 coil as N :.240. A photograp bits out of chip, 15 s.
of the physical MRD developed is shown in Figure 9. A/D 2 x 8 channels in chip; resolution: 12 bits; switching
The MREF for this experiment is MRF-250, purchased from rate: 80 ns.
Zhang Dongnan intelligent materials studio. It is comprised of ~ HOST USB2.0 One channel; full speed.
soft magnetic carbonyl iron particles (average diameter: 8 um,  CAN bus One channel; maximum transmission rate: 1 Mbps.
19181716 1521 1 13 12111 20
T \ \ O\ |
n\ \ i
!\ ’ \\\ \ l}
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and working space 2, respectively.

FIGURE 8 | Structural diagram of MRD. One to twenty-two are the piston rod, end cover, pressing plate, nut-M5, washer, screw-M5, guide holder, seal ring, O-ring
(41.2 x 3.55A), cylinder block, piston, coail, spring washer, nut-M12, O-ring (38.7 x 3.55G), floating piston, screw-M5, nut-M5, sealing washer, joint, working space 1,
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rated load: 500kg, frequency: 50 Hz, maximum displacement  programmable current source (model DP811A, voltage range:
and acceleration: +400mm and 50 m/s?), a semi-active  0-40V, current range: 0-5 A, maximum response speed: 50 |Ls,
seat suspension with MRD, two acceleration sensors (model  resolution: 1/0.5mV), and a digital signal processor (model
CT1005L, sensitivity: 50 mv/g, frequency range: 0.5-800Hz,  TMS320F28335). The main performance parameters of the
measuring range: 0-100 g, maximum impedance and linearity:  digital signal processor are shown in Table4. An Figure S1
100 € and 1%), a constant current adapter (model CT5204, has been provided as a Supplementary Material to describe the
maximum frequency, output amplitude, accuracy, and noise:  experimental system.

0.31KHz, 10 VP, 1.5%, and 1 mVrms), a data acquisition The 6-DOF vibration table consists of a foundation platform,
card (model PCI8735, measuring range: 0-10V, accuracy: a top platform, and six hydraulic cylinders, which can realize
0.0001, non-linearity: £1 LSB, sampling rate: 500KHz), a  shock vibration, simple harmonic vibration, random vibration,
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and path spectrum reappearance. One acceleration sensor is
used to measure the acceleration response of the human
body, and another acceleration sensor is used to measure the
excitation acceleration of the seat suspension. The constant
current adapter is used to provide appropriate working voltage
for the acceleration sensors, meanwhile, which can amplify the
signal detected by the sensors and de-noise the measured signal.
The data acquisition card is used to collect data and transmit
the collected data to the controller and computer. The digital
signal processor is the core of the whole control system and is
employed as the controller for the semi-active seat suspension
with MRD. Semi-active seat suspension with MRD is a kind
of suspension system that uses MRF as a damping medium
and is designed by using the rheological effect of MRF. The
damping force of the suspension can be adjusted in real time
according to the vibration state of the automobile cab. Compared
to other suspension systems, semi-active seat suspension with
MRD possesses the strengths of a simple structure, controllable
performance, fast response, strong adaptability, and continuously
adjustable damping force.

Experimental Results

Figures 10A,B present the acceleration and displacement
responses of the semi-active seat suspension with MRD under
random vibration by using the control methods of traditional
PID, FOA-PID, PSO-PID, IFOA-PID, and PSO-IFOA-PID.
Figure 10C presents the power spectral densities (PSD) of the
acceleration response under random vibration by using the
same control methods. The RMS, VDV, and VDV values for
the acceleration response are presented in Table 5. Figure 10A
indicates that the lowest acceleration amplitude is generated
under the PSO-IPOA-PID control method during the entire time
history. Figure 10B indicates that the maximum displacements
under the control methods of traditional PID, FOA-PID,
PSO-PID, IFOA-PID, and PSO-IFOA-PID are 0.0343, 0.0294,
0.0258, 0.0231, and 0.0197 m, respectively; thus, the maximum
displacement in the PSO-IFOA-PID is significantly lower
than with the other methods. Figures 10A,B prove that the
best damping effect is achieved by using the PSO-IFOA-PID
control method. Figure 10C indicates that the largest peak
value of the PSD of acceleration appears at 6.7 Hz under the
PSO-IPOA-PID control method, which is lower than with the
other methods. This result proves that the PSO-IFOA-PID can
effectively reduce the PSD of acceleration response. Table 5
shows that, compared to the control methods of traditional PID,
FOA-PID, PSO-PID, and IFOA-PID, the RMS of the acceleration
response in PSO-IFOA-PID is, respectively, decreased by
65.58, 52.93, 43.27, and 20.63%, the PTP of the acceleration
response is, respectively, decreased by 47.53, 38.34, 33.67, and
18.3%, the VDV of the acceleration response is, respectively,
decreased by 42.65, 32.88, 26.65, and 12.36%. Table5 also
indicates that only under the PSO-IFOA-PID control method
can the damping effect meet the ISO2361-1 comfort evaluation
standard (RMS < 0.315 m/s?). The experiments verify the
effectiveness and superiority of the purposed PSO-IFOA-PID
control method.

TABLE 5 | Evaluation indices of the acceleration response.

Conventional FOA PSO IFOA PSO-IFOA
RMS (m/s2) 0.7475 0.5474 04536  0.3242  0.2573
PTP (mm) 6.0759 51708  4.8066  3.9023  3.1881
VDV (m/s'7®)  1.1574 0.9888  0.9048 0.7573  0.6637

CONCLUSIONS AND FUTURE WORK

This paper proposed a PSO-IFOA-PID control method
to improve the control performance for an MRD based
semi-active seat suspension system. In order to verify the
feasibility and superiority of the PSO-IFOA-PID, the search
and control parameter optimization ability of traditional
PID, FOA-PID, PSO-PID, IFOA-PID, and PSO-IFOA-PID
were compared. The results indicated that the PSO-IFOA-
PID had better optimization accuracy, faster convergence
speed, and higher convergence precision in solving four
test functions. Meanwhile, the PSO-IFOA-PID exhibited the
advantages of adjusting the control parameters with better
convergence speed and precision, and a shorter adjustment
time, without overshoot, and having better steady and
dynamic response characteristics. Furthermore, example
simulations and experiments using the traditional PID,
FOA-PID, PSO-PID, IFOA-PID, and PSO-IFOA-PID were
carried out, and the results of both the simulations and
experiments indicated that PSO-IFOA-PID control was the most
ideal method.

In future work, new intelligent algorithms should be
researched to achieve better response characteristics for the
control performance of the semi-active controller of MRD
seat suspension. Moreover, the temperature of MRD rises
when it has been working for a long time, which will
increase the internal pressure of the cylinder and result
in the leakage of MRF. This adversely affects the damping
characteristics of MRD, so further study is needed on how
to improve the damping characteristics by controlling the
temperature, and relevant experiments will also need to be
carried out.
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Magnetorheological elastomer (MRE) is one of the most promising smart materials with
excellent magnetic-control mechanical properties. This work focuses on the study of the
dynamic mechanical properties of MRE under cyclic loadings and periodic magnetic field.
The influences of matrix, particle distribution, magnetic field on the dynamic mechanical
hysteresis are systematically investigated. It is found that all the normal force, magnetic
fields and shear strain would cause a hysteresis in the dynamic mechanical responses
of MRE. The continuous cycle tests reveal the hysteresis tended to be saturated after
several initial cycles. The hysteresis of MRE under the constant magnetic field can be
attributed to the rearrangement of particles, which causes a hardening effect of MRE
under the continuous dynamic tests. The periodic magnetic field causes a hysteresis
in the dynamic modulus which could be attributed to the irreversible movement of the
particles. Among them, the polymer matrix of MRE plays an important role in the dynamic
mechanical hysteresis, which suggests more stable molecular chain structures in the
matrix reducing the magnitude of hysteresis and improving its stability. Besides, the
saturation of the mechanical hysteresis had also been studied, and then relevant physical
mechanism was proposed for the qualitative explanation.

Keywords: magnetorheological elastomer, cyclic loading, periodic magnetic field, mechanical hysteresis,
viscoelasticity

INTRODUCTION

The fiber-rubber composites exhibit an appreciable change in their mechanical response resulting
from the previous maximum loading. This mechanical hysteresis, also known as Mullins effect, has
been recognized in polymer science and engineering (Ogden and Roxburgh, 1999; Hanson et al.,
2005; Qi and Boyce, 2005; Webber et al., 2007). The stress-strain curve demonstrates a marked
hysteretic response during the loading-unloading cycle, in which the stress under unloading is
significantly less than that under loading at the same strain (Dorfmann and Ogden, 2005). The
magnitude of the hysteresis can be represented by the area between the tension and relaxation
curves. Plenty of explanations and phenomenological models were reported for Mullins effect, and
these were mainly based on the concepts of slippage and disentanglement of polymer molecules,
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bond rupture between particle fillers and polymer matrix, and
breakdown of particle aggregation (Diani et al, 2009). Apart
from the Mullins effect, the mechanical properties of fiber-rubber
composites under the cyclic loading can be used to evaluate
the stability of materials, which is a crucial performance index
for the engineering application. Consequently, improving the
stability of polymer composites is an urgent requirement, and the
mechanism study of mechanical hysteresis has continuously been
a research focus (Merabia et al., 2008; Drozdov, 2009; Machado
et al., 2012; Chai et al., 2013).

Magnetorheological elastomer (MRE) belongs to the group of
smart materials, which is stimulated to change its mechanical
behavior by an external magnetic field. The MRE consists of
micronized magnetic particles dispersed in a nonmagnetic elastic
matrix, such as polyurethane (PU), natural rubber and silicone
rubber (Gong et al., 2005; Stepanov et al., 2007; Li and Nakano,
2013; Wang et al., 2014; Jung et al., 2016; Qi et al., 2018b). As
an intelligent engineering material, the MRE exhibits excellent
magnetic-control properties as well as potentials for applications
in the fields of noise reduction, vibration attenuation, smart
sensing, electromagnetic shielding, etc. (Kashima et al., 2012;
Hoang et al., 2013; Xing et al,, 2015, 2016; Fu et al.,, 2016;
Wang et al,, 2016; Yu M. et al., 2016; Qi et al., 2018a). For the
magnetorheological (MR) materials, the magnetic particles are
inclined toward columns paralleled to the magnetic orientation.
When the magnetic field is removed, the magnetic particle
cannot return to its original position immediately. It will cause
the hysteresis in the viscoelastic properties of MR materials,
especially in the viscous matrix rather than in the elastic matrix.
The hysteresis behaviors of devices based on MR materials have
attracted the attention of many researchers (An and Kwon, 2003;
Dominguez et al,, 2004; Yu Y. et al.,, 2016; Chen et al., 2018;
Xian-Xu et al.,, 2019). For the MRE, Gundermann et al. have
investigated the motion of particles in MREs by X-ray micro-
computed tomography (X-pCT) (Gundermann and Odenbach,
2014). They found that the process of particle motion was not
reversible. It reveals the possibility of mechanical hysteresis
behavior caused by the magnetic field in the MRE, which have
been ignored in most literatures. However, in the area of polymer
science and engineering, relevant researches on the dynamic
mechanical behavior of MRE under the repeated cyclic loading
or periodic magnetic field are comparatively rare.

The MR effect computed by the ratio of the magnetic-
induced modulus to the initial modulus is the most considerable
evaluation index of MREs. Generally, in order to improve the MR
effect, the researchers enhanced the magnetic-induced modulus
by increasing the concentration of magnetic particles, interface
modification, incorporating additive, etc. (Li and Sun, 2011;
Qiao et al, 2012; Yang et al, 2013; Aziz et al, 2016). The
other defective method is decreasing the initial modulus by
adding vast plasticizer or reducing the crosslinking density of
MRE, which weakens the mechanical strength of MRE. These
viscous matrices are able to make the mechanical hysteresis
more serious in the MRE. As an engineering material, the
MRE has to suffer different cyclical loadings and magnetic fields
when under variable application conditions. The cyclic loadings
and the variable magnetic field will change the mechanical

performance of MRE, which leads the instability of the MRE-
based device. Therefore, it is necessary to study the mechanism
of the mechanical hysteresis, and improve the stability of MRE
for the engineering application.

Previously, An et al. (2012) found a stress hardening
phenomenon for the MR gel in the presence of stable
magnetic field under the cyclic loading. They also deduced
this phenomenon, which was opposite to the Mullins effect of
the conventional particle-filled polymer composite, was caused
by the rearrangement of particles under the external magnetic
field. Xu et al. (2016) have also proposed a magneto-induced
hardening mechanism to explain the transition from stress
softening to stress hardening under cyclic loadings. For the
elastomer reinforced by the magnetic particles, the hysteresis
in the dynamic mechanical responses was first reported in the
elastomer that contains hard magnetic particles, in which the
magnetic remanence of hard magnetic particles was the priority
consideration (Stepanov et al., 2012; Kramarenko et al., 2015; Yu
et al,, 2015c¢). Sorokin et al. (2015) have studied the hysteresis in
dynamic modulus, loss factor and normal forces with regard to
the MRE. The influences of particle size and composition have
been studied, and they also discussed the possible mechanism
for the mechanical hysteresis. In addition, Sorokin et al. (2014)
further studied the Payne effect in the MRE using synthetically
cycling measurements; the Payne effect increased significantly
in the presence of an external magnetic field and varied with
the cyclic loading, which reached saturation after several cycles.
Thus, far, the study on the mechanical hysteresis of MRE is not
enough, and the deeper investigation about the saturation of the
mechanical hysteresis is eagerly needed.

PU has better degradation stability than natural rubber and
superior mechanical stability than silicone rubber (Wei et al.,
2010), and it has been widely used to be the matrix of the
MRE (Wu et al,, 2010, 2012; Ge et al., 2015). In this paper,
two kinds of MRE based on the PU matrix and PU/epoxy
(EP) interpenetrating network (IPN) matrix were prepared,
respectively. The material properties and the details of the
process and principle of preparation could be obtained in our
previous work (Yu et al.,, 2015a,b). Several cycling tests have
been carried out to study the most critical influences on the
mechanical hysteresis of MRE, including the matrix, particle
distribution, magnetic field. The saturation of the mechanical
hysteresis has also been studied, and then relevant physical
mechanism is proposed to explain it qualitatively. This work
turns out that the material properties of MRE should be
characterized by the repeating test rather than merely single
test. More effective evaluation tests of MRE are of benefit to
the potential applications. In particular, the discussion on the
influences of matrix will provide guidance for improvement of
material preparation.

EXPERIMENT

Materials

The soft magnetic carbonyl iron powder (CIP) (Type: CN;
size distribution: 1-8 wm) was provided by BASF in Germany.
PU matrix (Castor oil purchased from Sinopharm Chemical
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TABLE 1 | Detailed formation of MRE samples with different proportions of EP.

Sample Matrix (20 wt%) Plasticizer (10 wt%) CIP (70 wt%)
PU (%) EP (%)

ani-PU 20 wt 0 10 wt 70 wt

ani-IPN 15 wt 5wt 10 wt 70 wt

iso-IPN 15 wt 5wt 10 wt 70 wt

Reagent Co., Ltd., China; MDI (MDI: 4,4-~50%, 2,4-~50%)
purchased from Yantai Wanhua Polyurethanes Co., Ltd., China),
Stannous octoate (Sinopharm Chemical Reagent Co. Ltd., China)
was used as catalyst in the process of PU preparation. EP
based on diglycidyl ether of bisphenol-A was purchased from
Baling Petrochemical Co., Ltd., Hunan, China. The 2,4,6-
Tri(dimethylaminomethyl)phenol (DMP-30) acting as the curing
agent of EP was acquired from Wuhan Hongda Co., Ltd., China.
The Di-butyl phthalate (DBP) used as a plasticizer was bought
from Tianjin Bodi Chemical Holding Co., Ltd., China.

MRE Preparation

In order to study the influence of the matrix and particle
distribution on the hysteresis properties, we prepared different
kinds of MRE samples. The isotropic samples and anisotropic
samples were fabricated in the absence and presence of magnetic
field, respectively. The PU and IPN denote that the MRE samples
were based on PU matrix and PU/EP IPN matrix, respectively.
The detailed compositions of MRE samples are listed in Table 1.
Here the prefix of “ani” and “iso” denote the isotropic and
anisotropic sample, respectively. Details about the process and
principle of reaction of PU/EP IPN and PU can be obtained
from our previous works (Yu et al., 2015a; Yang et al., 2016).
The incorporation of EP would improve the crosslink degree
of PU, and the interpenetration and entanglement of molecular
chains in the PU/EP IPN would improve the structural stability
of the polymer. Therefore, it should be noticed that the PU-MRE
has higher viscous component, and the IPN-MRE has higher
elastic component.

Characterization

The morphologies of the particles in the MRE samples were
characterized via scanning electron microscopy (SEM; MIRA3
TESCAN). The microphotographs of MRE samples were taken
for the fractured surface, on which the gold powder was coated
prior to testing.

The cycling tests of MRE samples were implemented under
shear oscillation mode using an advanced commercial rheometer
(Model: MCR301, Anton Paar). A parallel-plate rotor and
magnetron device were installed in the rheometer. The testing
magnetic field of magnetron devices was generated by an
electromagnet. The magnetic flux density could be changed from
0 to ~1.2T by varying the drive current in the coil of the
electromagnet with a range of 0-5A. The details about this
rheometer could be obtained from our previous work (Yu et al.,
2013). In this study, the samples were prepared in disc forms with
20mm in diameter and 2 mm in thickness. During the testing

process, the samples were secured between the lower stationary
plate and the upper movable plate that was connected to a forced
torsional oscillator.

RESULTS AND DISCUSSION

This work focuses on the influences of mechanical pressure,
magnetic fields and shear strain on the dynamic mechanical
hysteresis of MRE. Initially, the normal force cycling tests in the
absence and presence of magnetic field were carried out to study
the influences of the mechanical pressure. Then the MRE samples
were tested under a triangular (periodic increase and decrease)
magnetic field, and the hysteresis in the dynamic modulus caused
by the magnetic field has been studied. Finally, the analysis of
the amplitude cycle tests at different magnetic field strengths
is presented.

Normal Force Cycling Tests

Compressive stress is a common loading when the MRE-based
device is working. In order to study the mechanical hysteresis
behavior of MRE under changing compressive stress, we tested
the dynamic modulus of MRE under a cyclic normal force
in the range of 5-30N. The strain amplitude of 0.1%, pre-
compression force of 5N and test frequency of 5Hz were
selected for these tests. Measurements were carried out in several
consecutive stages. Initially, the dynamic mechanical properties
were measured under an increasing normal force actuated from 5
to 30 N. After reaching the maximum value, the normal force was
linearly reduced from 30 to 5 N. These tests were conducted in the
absence and presence of magnetic field to study the influence of
magnetic field, and the number of cycles was set 5 for each test.

Figure 1 illustrates the dependence of dynamic modulus of
iso-IPN, ani-IPN, and ani-PU samples on the cycling normal
force, respectively. The color change of curves indicates the
process of the cyclic tests. As can be seen, the dynamic modulus
of all samples increases with the increasing normal force. This
phenomenon also has been reported by Feng et al. (2015). It
is attributed to the enhancement of the particle-particle and
particle-matrix interactions with the high normal force. After
the normal force declined linearly, an apparent hysteresis has
been observed in all curves, while the modulus tends to saturate
after several cycles. It indicated that the possibility of the balance
between destruction and reformation of the particle structures
which caused by the coupling effect of the cyclic mechanical
loading and magnetic field. It also can be seen that the storage
modulus increases with the increasing test cycle. It means that
the compressive loading in the initial cycle produces a hardening
effect of the MRE sample. The hardening effect is more obvious
when the samples under the magnetic field. Similar to the MR
gel and MR plastomer, this hardening effect in the magnetic
field can be attributed to the rearrangement of CIPs (An et al,,
2012; Xu et al,, 2016). The qualitative comparative analyses of the
hysteresis were carried out in the following section.

The magnitude of the hysteresis can be represented by the
area between the ascending and descending curves. From the
qualitative compare we can deduce that the hysteresis is more
obvious in the presence of magnetic field than in the absence
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FIGURE 1 | The influence of the normal force on the dynamic viscoelastic properties of MRE samples. Dependence of storage modulus of ani-PU sample (A), ani-IPN
sample (B), and iso-IPN sample (C) on the normal force in the absence and presence of magnetic field. Dependence of loss modulus of ani-PU sample (D), ani-IPN
sample (E), and iso-IPN sample (F) on the normal force in the absence and presence of magnetic field. The color scale indicates the progress of the cycle tests.

of magnetic field. The hysteresis of PU sample also greater than
that of IPN sample, which indicated that the matrix played an
important role in the destruction and reformation of the particle
structures. To obtain a better understanding the influence of
matrix, particle distribution and magnetic field on the hysteretic
property, here we defined

A=(Gn—G1) /G 1

where G, is the maximum value of dynamic modulus in
the nth cyclic curve, and the G; is the maximum value of
dynamic modulus in the initial cyclic curve. The parameter A can
commendably reflect the changes of dynamic modulus of MRE
in the cycles, as Figure 2 shows. As can be seen the parameter
A of PU sample is significantly larger than that of IPN sample.
In addition, the saturation of IPN sample is more apparent than
that of PU sample, which indicates that the interpenetration
and entanglement of molecular chains in IPN matrix would
improve the stability of MRE. Comparing the curves in the
absence and presence of magnetic field, we can deduce that
the magnetic force between the magnetized CIPs intensifies the
motion of CIPs when the MRE suffers compressive loading.
The movement of CIPs and the enhancement of interaction
forces between the CIPs and matrix are going to cause a larger
hysteresis. Another phenomenon is that the parameter A of

ani-IPN is greater than that of iso-IPN, which can be attributed
to the difference of the particle distribution. As can be seen from
Figures 3a,b, it is observed that the CI particles are uniformly
dispersed in the isotropic sample while they exhibited patterned
chain-like structure in the anisotropic sample. The deformation
and reagglomeration of the chain structure paralleled to the
normal force will be enhanced by the compressive loading. In
addition, the parameter : of curves with magnetic field is greater
than that of curves without magnetic field. It indicates that the
magnetic field also causes a decrease in the stability of MRE when
the MRE suffers the compressive loading. Since the magnetic
field can enlarge the movement of particles in the process of
reagglomeration, another phenomenon that the parameter A of
IPN samples has a slightly decrease in the presence of magnetic
field can be seen in the Figure 2B. The decrease of the loss
modulus can be attributed to the saturation of particle movement
in the IPN matrix. Its contrary to the IPN sample, the loss
modulus of PU sample increases with the cycle number because
of the weaker restriction of the PU matrix. It revealed that the
particle movement in PU sample is not saturated in these five
cyclic tests.

Magnetic Field Cycling Test
The linear increasing magnetic field has been carried out by
many researchers to study the MR effect of MR materials (Xu
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FIGURE 2 | Dependence of the parameter A (A: storage modulus G'; B: loss modulus G”). on cycle number for the samples under the ascending and descending
normal force (The hollow symbol and solid symbol indicated the tests under O and 720 mT, respectively).

FIGURE 3 | SEM images of iso-IPN (a) and ani-IPN (b). The red arrow indicates the direction of the pre-structure magnetic field.

et al.,, 2011; Bica, 2012). In order to study the magneto-induced  and Niu, respectively (Niu et al., 2015; Sorokin et al., 2015).
mechanical hysteresis of MRE under the triangular magnetic = Mainly it is because the particles and the particle chains
field, we tested the dynamic modulus of MRE under a do not immediately revert to their original positions under
cyclic triangular magnetic field in the range of 0-1,100 mT.  the cyclical magnetic fields. Previously, Shen et al. (2004)
The strain amplitude of 0.1%, pre-compression force of 5N proposed a mathematical model to estimate the magneto-
and test frequency of 10Hz were selected for this test. induced storage modulus. According to their study, the magneto-
Measurements were carried out in several consecutive stages.  induced modulus of MRE is determined by

The dynamic mechanical properties were initially measured

under the magnetic field increased from 0 to 1,100 mT. After

reaching the maximum value, the magnetic field was linearly G=
decreased from 1,100 to 0 mT, and the number of cycle also was 5 8r8n2u3u0u1 (1 + J/z)
for each test.

Figure4 shows the dynamic modulus as a function of  where ¢ is the volume fraction of CIPs, a is the diameter of CIPs,
the triangular magnetic field. The color change of curves ;i denotes the vacuum permeability, p; is the permeability of
indicates the direction of the cyclic test process. It can be  MREs, rg is the initial spacing between two adjacent dipoles, y
seen that the dynamic modulus of all samples increases with  is the shear strain, and m is the magnetic dipole moment. It
the increasing magnetic field strength and decreases with the  can be deduced by Equation (2), due to the space between the
decreasing magnetic field strength. An apparent magneto-  magnetized particles ry in the descent stage is smaller than that
induced mechanical hysteresis has also been observed in these  in ascent stage, the larger magneto-induced modulus G causes a
curves. As can be seen the descending curves are above larger storage modulus in descent stage. It should be emphasized
the ascending curves, the similar phenomenon in MRE and  that the hysteresis of IPN samples tends to saturation after the
electrorheological elastomer (ERE) has been reported by Sorokin initial cycle, and the storage modulus returns to its initial value

9pCm?* (4 — y?)

e 2)

Frontiers in Materials | www.frontiersin.org 24 November 2019 | Volume 6 | Article 292


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles

Zhang et al.

Mechanical Hysteresis of Magnetorheological Elastomers

A B
2.0 3 7
iso-IPN iso-IPN
a ani-IPN _oageeeoiel S°5| aniIPN End
£ 5 s
s = |
3 Dos
S =
3 3
Q10| O3]
£ g0
Q
o o
505| Soz
»
Start
0.1]
00 2000 400 600 800 1000 ) 2000 4000 600 800 1000
Magnetic flux density/mT Magnetic flux density/mT
FIGURE 4 | Dynamic modulus (A: storage modulus; B: loss modulus) as a function of the triangular magnetic field. The change of loss modulus is denoted by the
direction of the black arrow in (B).

on the elimination of magnetic field in later cycles. Due to the
weaker restriction of PU matrix, the PU sample needs more
cycles to achieve the saturation. In the engineering applications
of MRE, due to the variable magnetic field and changing loads
upon the MRE-based device, the material properties of MRE in
the saturated region can make the device more effective.

Unlike the curve shape of storage modulus, Figure 4B shows
the loss modulus of descending curves is greater than that of
ascending curves under the low magnetic field strength, but
the contrary is under the high magnetic field strength. Since
the loss modulus is based on the energy dissipation which is
proportional to the relative movement of particles (Yang et al.,
2012), this phenomenon can be explained by the state of particle
motion. There is a critical magnetic field strength to keep the
balance between magnetic interactions (between the magnetized
particles) and elastic interactions (between the particles and
matrix), and the critical magnetic field strength can be reflected
by the intersection of loss modulus curves. Scheme 1 shows the
advance and return movement of CIPs under the ascending and
descending magnetic fields, and the cycle has been divided into
ascent stage (stage A and stage B) and descent stage (stage C and
stage D). Among them, the advance movement was caused by
magnetic interactions at the ascent stage, and return movement
was caused by elastic interactions at the descent stage. The energy
dissipation of MRE mainly depended on the friction between the
CIP and matrix (Li and Gong, 2008), and it could be expressed
with the following equation (Yu et al., 2013):

ED «F;S$ (€)
where F, is the interfacial friction force between the CIP and the
matrix; this force is decided with the magnetic flux density and
elastic interactions. In addition, S represents the displacement of
interfacial slipping between the CIP and the matrix. As can be
seen from the Scheme 1, with the increase of distance between
the particles and its initial positions, the particles become
closer and the polymer molecular chain stretched longer. As a

consequence, the F, of MRE in stage B and stage C is greater than
that of in stage A and stage D. When the magnetic field strength is
lower than this critical value, the elastic interaction is dominated.
The relative movement of CIPs has been restricted in the ascent
stage (stage A) and accelerated in the descent stage (stage D).
Correspondingly, when the magnetic field strength is higher than
this critical value, the magnetic interaction is dominated. The
relative movement of particles has been accelerated in the ascent
stage (stage B) and restricted in the descent stage (stage C).
Therefore, the displacement of interfacial slipping S in stage D
is greater than that of in stage A, and S in stage B is greater than
that of stage C. It leads to the descending curves of loss modulus
is greater than that of ascending curves under the low magnetic
field strength, and the contrary is under the high magnetic
field strength. In addition, as can be seen from Figure 6B, the
critical magnetic field of ani-PU is smaller than that of ani-IPN,
which can be attributed to the weaker elastic interactions in the
PU matrix.

Correspondingly, the parameter \ calculated from Equation
(1) has been plotted to study the stability of the magneto-
induced mechanical hysteresis. Figure 5 shows the dependence
of the parameter A on the cycle number under the triangular
magnetic field. Similarly, the parameter A of PU sample is also
significantly larger than that of IPN sample. This phenomenon
occurred mainly because the displacement of interfacial slipping
between the CIP and the matrix in PU sample is greater than
that in IPN sample. The interpenetration and entanglement
of molecular chains in IPN matrix would improve the elastic
interactions, which can accelerate the particles revert to their
original positions. In addition, the parameter A of the iso-IPN
is greater than that of the ani-IPN. It is mainly because the
particles have formed the chain structure in the anisotropic
sample, while the particles are distributed randomly in the
isotropic sample, as shown in Figure 5. As the particles tend to
form a columnar paralleled to the magnetic field, the movement
of the particle in the isotropic sample is greater than that
in the anisotropic sample, which causes a greater variation of
the parameter .
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FIGURE 5 | Dependence of the parameter A (A: storage modulus; B: loss modulus) on cycle number for the samples under the triangular magnetic field.
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Amplitude Cycling Tests

Decreasing in storage modulus G’ with the increasing strain
amplitude, termed as Payne effect (Payne, 1962, 1967), has been
recognized in polymer science and engineering (Meera et al.,
2009; Papon et al., 2012; Ponnamma et al., 2013; Gan et al., 2016).
The Payne effect of MRE has been studied by many researches,
but the mechanical hysteresis caused by the shear strain has
been rarely studied (Sorokin et al., 2014, 2015). In order to
study the mechanical hysteresis of MRE under the ascending and
descending strain, we tested the Payne effect of MRE under the
cyclical amplitude in the absence and presence of magnetic field.
The strain amplitude ranges of 0.01-20%, pre-compression forces
of 10N and test frequency of 5Hz were selected for this test.
Measurements were also carried out in several consecutive stages.
The dynamic mechanical properties were initially measured
under the changing strain that increased from 0.01 to 20%.
After reaching the maximum value, the amplitude of strain
was decreased from 20 to 0.01%. Five consecutive cycles

were held for each sample in the absence and presence of
magnetic field.

Figure 6 shows that the dynamic modulus as the functions
of strain amplitude for iso-IPN, ani-IPN, and ani-PU samples
is measured in the absence and presence of magnetic field,
respectively. It can be seen that all samples demonstrate the
Payne effect: the storage modulus decreases with the increasing
strain (Payne, 1962, 1967). The loss modulus increased with
the increasing strain initially, and then decreased with the
increasing strain when it reaches its maximum. An apparent
hysteresis has been observed in all curves, and the MRE samples
show a strain hardening effect. The hysteresis is more obvious
in the presence of magnetic field than in the absence of
magnetic field, and the hysteresis of PU sample also greater
than that of IPN sample. It can be seen that the modulus
increased with the increasing test cycle, and the modulus tends
to saturation after the several cycles. A significant change can
be observed within the first cycle while only minor changes in
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FIGURE 6 | The influence of the shear strain on the dynamic viscoelastic properties of MRE samples. Dependence of storage modulus of ani-PU sample (A), ani-IPN
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sample (E), and iso-IPN sample (F) on the shear strain in the absence and presence of magnetic field. The color scale indicates the progress of the cycle tests.

the following cycles, which also has been reported by Sorokin
et al. (2014, 2015). In particular, under the magnetic field, the
Payne effect becomes much more pronounced, particularly for
the anisotropic MRE samples. The quantitative comparison of
Payne effect among these samples is discussed later using a
phenomenological model.

There have been many explanations and phenomenological
models are well reported for Payne effect, and they are mainly
based on the concepts of change in the microstructure of the
composites. Kraus model is based on the concepts of change
in particle-particle interactions, and the strain hardening effect
of MRE under the cycling strain tests is mainly caused by the
particle reagglomeration. Therefore, for the better understanding
of the hysteresis of Payne effect of MRE, Kraus model is adopted
to determine the influence mechanism of Payne effect. The
Kraus model is the first phenomenological model to represent
and explicate the Payne effect, which provides the relations for
the dynamic modulus and strain amplitude in Equation (3)
(Kraus, 1984),

G, -G 1

Go—Go 1+ x/r)™

)

where G’ is the value of storage modulus at very large strain;
G'y is equal to the value of storage modulus at very small
strain; where y. and m are the fitting parameters, and y, is the

critical strain when G’, reaches the half value of G'o — G'oo;
m is the shear strain sensitivity of the mechanism of particle-
particle contact breakage and defines the shape of the G/,
curve (Qu et al., 2014). To obtain a better understanding of the
influence of matrix, particle distribution and magnetic field on
the Payne effect, we fitted the G’,, curves with the increasing
strain amplitude. The obtained values of Gy, G', ¥, and m
for all samples are shown in Tables 2-5, respectively. It can be
seen that the Kruas model can be used to describe the Payne
effect of MRE samples felicitously, as shown in Figure 7. For
clarity, only the first curves of the samples are presented. The
dependences of the fitting parameters on the cycle number are
shown in Figures 8, 9. It can be seen from the Figure 8 that
both G'¢ and G’ slightly increase with the cycle number in the
absence of magnetic field. It attributes to that the matrix becomes
stiffer for the subsequent measurement (Sorokin et al., 2015). On
the other hand, the G’y and G’ increase evidently after the first
cycle and then tend to be saturated. The application of magnetic
field and increasing strain amplitude helps magnetic particles to
rearrange. The particles become closer to form stronger chains
structures under the magnetic field. The enhancement of MR
effect is caused by the increase of G’y and G’ in the subsequent
cycles. In addition, the G’y and G’ of the sample in the presence
of magnetic field are both larger than that in the absence of
magnetic field. The increscent modulus is also caused by the
magneto-induced modulus.
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TABLE 2 | G'o (MPa) of the samples in the different cycles.

TABLE 5 | Fitting parameter m (a.u) of the samples in the different cycles.

Sample-magnetic field Cycle Sample-magnetic field Cycle

1st 2nd 3rd 4th 5th 1st 2nd 3rd 4th 5th
iso-IPN-OmT 0.49 0.59 0.6 0.6 0.6 iso-IPN-OmT 0.58 0.53 0.53 0.52 0.518
iso-IPN-720mT 0.85 1.01 1.02 1.03 1.04 iso-IPN-720mT 0.44 0.37 0.37 0.37 0.36
ani-IPN-OmT 0.59 0.75 0.77 0.75 0.76 ani-IPN-OmT 0.496 0.37 0.36 0.35 0.365
ani-IPN-720mT 2.1 2.87 2.99 3.05 3.03  ani-IPN-720mT 0.46 0.36 0.35 0.34 0.36
ani-PU-OmT 0.199 0.22 0.215 0.218 0.219 ani-PU-OmT 0.7 0.57 0.58 0.56 0.56
ani-PU-720mT 1.25 3.2 3.5 3.66 3.77 ani-PU-720mT 0.57 0.5 0.51 0.52 0.52
TABLE 3| G’ (MPe) of the samples in the different cycles. the particles tend to form a columnar paralleled to the direction
Sample-magnetic field Cycle of the magnetic field when imposes on the MRE. Some particles

can overcome the restriction of matrix and begin to slip relatively

1st 2nd 3rd 4th 5th . .

to the elastomer matrix. Thus, the movement of particles leads to
iso-IPN-OmT 0.2 022 024 0245 0245 theincrease in particle aggregates.
iso-IPN-720mT 0.29 0.31 0.32 0.33 0.325
ani-IPN-OmT 0.199 0.215 0.22 0.22 0.218 CONCLUSIONS
ani-IPN-720mT 0.21 0237 0266 0266  0.267
ani-PU-OmT 0143 0143 0144 0144 0144 The dynamic mechanical hysteresis of MRE under the cyclic
ani-PU-720mT 0.268 0.28 0.285  0.288 029 Joading and periodic magnetic field is studied in this paper. The

experimental results show that all the mechanical pressure, shear
TABLE 4 | Fitting parameter y. (%) of the samples in the different cycles. strain a.nd periOd%C magnetic ,ﬁeld would cause a hYStereSi.S in the

dynamic mechanical properties of MRE, and the hysteresis tends
Sample-magnetic field Cycle to be saturated after several cycles. The conclusions can be drawn
1st 2nd 3rd ath stn o follows:

(1) The hysteresis in the dynamic mechanical properties of MRE
is0-IPN-OmT 8.9 8.76 798 778 6.05 is caused by the coupling effect of the cyclic mechanical
iso-PN-720mT 264 192 M 1.62 154 loading and magnetic field. The saturation of the hysteresis
aniflefomT 8.2 25 242 295 22 indicates that there is a balance between destruction and
an!—IPN—720mT 218 4 114 1.06 103 reformation of the particle structures. In addition, the
ani-PU-OmT 4.84 3.19 3.08 2.77 2.69

ani-PU-720mT 1.43 0.375 0.35 0.35 0.35

Figure 9 shows the cycle number dependence of the critical
strain y, and fitting parameter m. Similarly, the critical strain y,
and fitting parameter m decrease after the first cycle and then
tend to be saturated in the subsequent cycles.

The decrease of critical strain y, indicates that the particle
networks can be destroyed easily after the first destruction. It
also can be seen that the critical strain y. of samples in the
absence of magnetic field is larger than that in the presence of
magnetic field. The interaction force between the magnetized
CIPs would enhance the strength of particle networks, which
leads the decrease of .. But the magneto-induced Payne effect
caused by the breakdown of the magnetic particle network is
more obvious. The decrease of y, caused by magneto-induced
Payne effect is larger than the increase of y, caused by enhanced
interaction force, thus the y, is smaller under the magnetic field.
The fitting parameter m is related to the particle agglomerate
structure (Heinrich and Kluppel, 2002). The decrease of m after
the first cycle indicates the destruction of particle networks in
high strain reduces the particle aggregates in the MRE. Besides,
the m of the sample in the absence of magnetic field is larger
than that in the presence of magnetic field. It's mainly because

magnetic field can cause an obvious hardening effect of MRE
under the mechanical pressure and high shear strain.

(2) The hysteresis of PU sample is greater than that of IPN
sample, which indicates that the viscidity and elasticity of
the matrix play important roles in the destruction and
reformation of the particle structure. A stable molecular
chain structure in the matrix would reduce the magnitude
of the mechanical hysteresis and improve the stability of the
hysteresis in the saturation stage.

(3) A significantincrease of the storage modulus can be observed
within the first cycle in each test, which means that the first
dynamic oscillatory shear tests would destroy the unstable
structure, making the matrix become stiffer.

(4) The periodic triangular magnetic field also caused the
hysteresis in the dynamic modulus which can be attributed
to the irreversible movement of the particles. The test result
of loss modulus can be explained by the relative movement
of CIPs. For the influence of the particle distribution, the
hysteresis of the isotropic sample is greater than that of
anisotropic sample in the presence of magnetic field, which
can be attributed to the optimization of particle structure in
the magnetic field.

This work turns out that the material properties of MRE should
be characterized by the repeating tests rather than merely single
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FIGURE 7 | Fitting of the first G, curve with the increasing strain amplitude obtained in the absence (A) and presence (B) of magnetic field. (Symbols are
experimental date, and solid lines are the fitting curves).
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FIGURE 8 | Cycle number dependence of the G'g (A) and G’ (B). The hollow symbol and solid symbol indicated the tests under 0 and 720 mT, respectively.
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FIGURE 9 | Cycle number dependence of the critical strain y. (A) and fitting parameter m (B). The hollow symbol and solid symbol indicated the tests under 0 and
720 mT, respectively.

test. More effective evaluation tests of MRE are of benefit to  should not only explore the material preparation methods that
the potential applications. The hysteresis caused by mechanical =~ reduce the hysteresis characteristics of MRE, but also carry out
loading and magnetic field is an intrinsic property of MRE and  in-depth mechanism modeling research. The results achieved are
should be taken into account in future studies. In future work, we  important for fundamental understanding of material behavior
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of MRE, which would provide a guidance for the improvement
of material preparation and the development of MRE devices.
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It has been challenging to accurately predict the unique characteristics of
magnetorheological (MR) dampers, due to their inherent non-linear nature.
Multidimensional flow simulation has received increasing attentions because it
serves as a general methodology for modeling arbitrary MR devices. However, the
compressibility of MR fluid which greatly affects the hysteretic behavior of an MR
damper is neglected in previous multidimensional flow studies. This paper presents a
two-dimensional (2D) axisymmetric flow of the compressible Herschel-Bulkley fluid in
MR dampers. We simulated the fully coupled inertial-viscous-frictional-elastic transients
in MR dampers under low-, medium-, and high frequency excitations. An arbitrary
Lagrangian-Eulerian kinematical description is adopted, with the piston movements
represented by the moving boundaries. The viscoplasticity and compressibility of MR
fluid are, respectively, modeled by the modified Herschel-Bulkley model and the Tait
equation. The streamline-upwind Petrov—-Galerkin finite element method is used to
solve the model equations including the conservation laws and mesh motion equation.
We tested the performances of an MR damper under different electric currents and
different frequency displacement excitations, and the model predictions agree well with
the experimental data. Results showed that the coupled transients of an MR damper
are frequency dependent. The weak compressibility of MR fluid, which mainly happens
in the chamber rather than in the working gap, is crucial for accurate predictions. A
damper’s transition from the pre-yield to the post-yield is essentially a step-response
of a second order mass-spring-viscous system, and we give such step-response a
detailed explanation in terms of mass flow rate.

Keywords: magnetorheological fluid damper, coupled transients, high frequency, finite element analysis, weak
compressibility
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INTRODUCTION

Magnetorheological (MR) fluids are suspensions that exhibit a
rapid, reversible and tunable transition from a free-flowing state
to a semi-solid state upon the application of an external magnetic
field (Carlson et al., 1996; Jolly et al, 1999). MR dampers,
which utilize the advantages of MR fluids, are semi-active control
devices that are capable of generating a magnitude of force
sufficient for large-scale applications, while requiring only a
battery for power (Alghamdi et al., 2014). Accurate prediction
of the unique characteristics of MR dampers has been one of the
challenging aspects for developing and utilizing these devices due
to their inherent non-linear nature. Lumped parameter models
have been the main tool for modeling of MR dampers because
of their simplicity. They are comprehensively reviewed in works
(Sahin etal., 2010; Wang and Liao, 2011), and more recent works
can be found in Yu et al. (2017) and (Chen et al., 2018).

Compared to the Ilumped parameter modeling, the
multidimensional flow analysis in MR dampers is not only
more accurate, but also serves as a general methodology
of modeling of MR devices with arbitrary geometries. For
example, a 2D computational fluid dynamics (CFD) model
was constructed by Sahin et al. (2013) for an MR valve having
complex flow region. The CFD model showed apparent
advantages of better agreements with the experimental data than
the lumped parameter model.

Over the past few years, CFD modeling of MR/ER devices
is receiving more and more research interests. Ursescu (2005)
simulated the ER flow in a channel with a prescribed inlet
flow velocity and the free outlet. The model was validated by
comparing with the experimental data, and was used to optimize
the configuration of the electrodes to improve the ER-effect.
With the piston movements described by a deformed mesh,
Case et al. (2016) developed a multiphysics finite element model
for a small scale MR damper. The model was concluded to be
suitable for the prediction of oscillatory MR fluid behavior and
thus for further development and optimization of the semi-active
dampers. A similar work was conducted by Sternberg et al. (2014)
in which a 3D magneto-static analysis was coupled with the flow
analysis. Zheng et al. (2015) established a more sophisticated
multiphysics model which considered the magnetic, temperature
and flow fields together. Zhou and Bai (2014) conducted a
3D numerical FEM flow analysis for MRF seal technology
in a circular cooler. Both of the three-dimensional numerical
simulation and experimental results demonstrated that the air
leakage of a circular cooler was solvable effectively with the
magnetorheological fluid seal method. Goldasz and Sapinski
(2015) studied a squeeze mode MR damper with a CFD model,
and the well-known fact was confirmed that the compressive
loads increase with the decreasing gap height.

More recently, using finite volume method on a two
dimensional moving grid, Syrakos et al. (2016) successfully
captured the hysteretic behavior of a damper caused by the
inertia of fluid under high frequency loadings. In a later
theoretical study of a fluid damper, they (Syrakos et al., 2018)
extended the numerical model by including the effects of shear-
thinning and viscoelasticity. Guo and Xie (2019) developed a 2D

incompressible viscoelastic fluid CFD model which was validated
by the experimental data in a literature.

So far, the previous studies on multidimensional flow
analysis in MR dampers were restricted to incompressible
flows. However, as indicated by lumped parameter models,
the weak compressibility of MR fluids is responsible for the
hysteretic behavior of MR dampers. Thus, a compressible fluid
multidimensional flow analysis (which has not been reported in
previous studies to our best knowledge) will be conducted in
this study.

PROBLEM DEFINITION AND GOVERNING
EQUATIONS

Problem Definition

The layout of a typical single-coil double-ended
magnetorheological (MR) fluid damper is shown in
Figures 1A,B. The main structural parameters of an MR
damper include the radius of piston (Rp), the radius of piston
shaft (R;), the working gap width (g), the effective length of the
piston (L), and the stroke of the damper (s).

The piston reciprocates inside the house cylinder filled with
MR fluid. Then the MR fluid is forced to flow from one chamber
to the other, through the annular gap between the cylinder
and the piston. Since the structure is axisymmetric, the fluid
flow in an MR damper can often be reasonably assumed to be
axisymmetric too. A small electromagnet coil wound around the
piston generates a magnetic field in the working gap (in the
r direction) which is perpendicular to the fluid flow (mainly
in the z direction). The magnetic field causes iron particles in
the MR fluid to form linear chains parallel to the field. This
phenomenon solidifies the suspended iron particles and restricts
the fluid movement. Consequently, the yield strength which can
be adjusted by controlling input currents is developed within the
fluid. The aim of a mechanical model is to predict the damping
force under various input currents and piston movements.

Governing Equations for Viscous Fluid in
ALE Form

The governing equations for viscous fluids can be expressed
in either total ALE form (both time derivatives and spatial
derivatives are in the referential configuration) or updated ALE
form (only time derivatives are kept in the referential form). The
latter is more convenient for the finite element implementation.

The mass and momentum conservations in the updated ALE
form can be derived as (Bazilevs et al., 2013; Belytschko et al.,
2013)

)
° +c-Vop+pV.-v=0 (1)
ot |,
av
p—| +pc-Vv=V .o+ pg 2)
8tX

where p is the fluid density, the total stress tensor is ¢ = —pI +
nD — %n (V -v) 1, pis the pressure, D= Vv + (VV)T is the strain
rate tensor, 7 is the viscosity of fluids, the convective velocity is
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FIGURE 1 | Layout of the MR damper. (A) Main components. (B) Main design parameters.

rAQ)

2D section view

definedbyc =v—v. % }X is the ALE time derivative, that is, the
partial derivative with respect to time (t) when holding the ALE
coordinate (x) fixed. As mentioned above, an axisymmetric flow
is assumed in an MR damper, and the spatial coordinates (x) are
denoted by (r, 0, z ), and the ALE coordinate (x) by (7, 0, %)
throughout this study.

Since the structure is, the fluid flow in an MR damper can
often be reasonably assumed to be axisymmetric too.

Constitutive Equation: Weakly

Compressible Bingham Fluid

Viscoplasticity

The ability of MR fluids to reversibly change from free-flowing
linear viscous fluids to semi-solid can be described by the
Bingham constitutive equation in which the stress tensor is
related to the velocity field by

D=0 |t| < 7y, pre— yield zone 3)
T =1,+n,D |t| > Ty, post— yield zone
where, |D| = (%D:D)I/ % is the magnitude of the strain rate

tensor. |7| is the magnitude of deviatoric stress tensor 7. The
post-yield viscosity 7, is assumed to be a constant, and 7, is
the shear yield strength dependent on magnetic field intensity.
However, it is difficult to identify, in advance, the pre- and
post- yield zones in order to apply Equation (3) to the different
zones. A popular approach to overcoming this difficulty is to
approximate Equation (3) by a regularized equation which is
applicable throughout the material without branches. Several
such regularized equations were proposed (Frigaard and Nouar,
2005), and here we adopt the one proposed by Papanastasiou
(1987), as in previous studies (Syrakos et al., 2016). It is
formulated as follows:

T

|z

ID|

where m is a parameter controlling the quality of the

approximation. Increasing this parameter makes Equation (4)
better approximate (3), but also makes the equations stiffer and

(1 - e_mIDl) + ﬂp} D =nmrD (4)

harder to solve, so a compromise has to be made. nyr is the
effective viscosity of MR fluid.

For better controllability, we construct the following flexible
viscoplastic model in this study. Compared to the modified
Bingham model (4), details such as the “stiction” phenomenon
and the shear thinning/thickening effect are added.

L tanh (kpre |D|) (Tpre + TPOS)

D| )

D = nurD

_ lftanh[kpos(\Dlszz)]
2

where Tpre

= (Tys - Tyd)) Tpos = Tyd +
kyg |D|/™HB kpres kpos and w are the dimensionless parameters
controlling the pre-yield viscosity, post-yield viscosity and the
“stiction” strain range width. s (Pa) and Tyd (Pa) are the static
(or critical) and dynamic yield stress strengths of MR fluids which
are analogous to static and dynamic frictions in tribology. kg
(Pa- s) and m are fluid parameters of the well-known Herschel-
Bulkley model. A typical curve of the above model in one
dimension is presented in Figure S1.

Weak Compressibility

A closure condition in the form of equation of state (EOS) has
to be provided to complete the problem we want to solve. For
compressible liquids, the Tait equation of state is widely used in
many applications and hence employed in this study. It relates
the pressure to the fluid density by (Koukouvinis et al., 2017)

n
p=al(n) ~1]+m
Lo
where B is the bulk modulus, py is the reference density, py is the

reference pressure, and » is an exponent adjusting the stiffness of
the fluid. Alternatively, the density can be expressed in terms of

the pressure as
1/n
—Po
p= <1 + u) £0

(6)

7
. )
Spatial Domains and Boundary Conditions
As shown in Figure2, the whole spatial domain () is
composed of the chamber domain (£2¢;,2¢2) and the working
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S
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S-Z,
FIGURE 2 | Fluid domains and boundary condition.

gap domain (£2g) so that Q
Qc1 m ng Qe = J.

The gap domain is further divided into the subdomain right
above the electromagnetic coil where no magnetic flux passes
through (Q2np) and the subdomains themselves being parts
of the magnetic circuit (Qmr1 and Qvr2). That is Q; =
Qmri U @nr U Qmr2 and Qmri () Qe () Qumr2 = 2.

The fluids in domains Q¢;, Q¢p, and QNp are not exposed
to the magnetic field, so they freely flow like the Newtonian
fluid with constant viscosity 7,, while the fluids domains QMg
and Qppry behave like the Bingham fluid with a magnetic
field dependent viscosity. Thus, these two types of fluids are
distinguished from each other by their viscosities (1):

|

The fluid velocities at the inner wall of the house cylinder are set
to zeros, and the fluid velocities at the surface of the piston are set
to the piston velocity, as shown in Figure 2. Initially, the piston is
located midway along the cylinder and the MR fluid is at rest.

Qa1 U QU Qc2, and

np (r,z) (r,2) € Qc1 or Qca or QNF
MR (,2)  (1,2) € QMR1 Or 2MR2

(8)

Mesh Updating Equation

The fluid domain varies with time due to the piston movement.
Mesh updating is necessary to track the moving boundaries as
well as to avoid the severe distortions of elements. For simplicity,
the mesh points are allowed to move only in the axial direction
when taking account of the physical domain changes. The mesh
motion on the gap domain is simply a rigid translation along the

axial direction, i.e.,

z(5t) =242, 2€Q 9)
where z, = zsin (2nft) is the piston displacement, z is the
amplitude, f is the excitation frequency.

A linear interpolation strategy is used to describe the motions
of mesh nodes in the chambers, such that the displacements at
the left and right piston ends (z; —(L+Ly)/2and zg; =
(L + L¢) /2 in Figure 2) is equal to the piston velocity and the
displacements at the left and right fixed cylinder ends (zro
—(L+ Lc+25) /2, zpo (L+ L;+ 2s) /2 in Figure2) are
zeros. The mesh motions for the left (©2¢;) and right chambers
(Qc2) are

Z—Z10 5
— ZeQ
211210 €3

Z—Zpo 3
<R ZecQ
ZR1—ZR0 C2

(2 + zo sin (27ft))

(2 + zo sin (27ft)) (10.2)

z(%,t):{

The mesh nodes are fixed in the radial direction, that is, their
spatial positions of are kept unchanged

1’(;’, t) =77¢€ Q1 UQc (11)

FINITE ELEMENT FORMULATIONS

Weak Forms

In order to apply the finite element method (FEM) to the
problem, all of the above differential equations should be
transformed into equivalent weak forms. This transformation
can be formulated in different manners. Here, the Galerkin
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method is applied to the continuity equation, while the consistent
streamline upwind Petrov-Galerkin (SUPG) formulation is used
for the momentum equation (Huerta and Liu, 1988). Triangular
elements of continuous linear velocity and pressure are used for
the spatial discretization of the integral equations.

The weak form of the continuity equation is obtained by
multiplying the strong form (1) by the pressure test function &p
and integrating over the current spatial domain (£2):

ap
L”(a

Another equivalent weak form of continuity, which is expressed
in terms of pressure, can be obtained by using Equation (7).
Firstly, a straightforward differentiation gives the relationship
between the material time derivatives of fluid density and
pressure as

+c-V,o+pV-v>dQ=0 (12)
x

Po .

13
P (13)

o=
1-1/n

_ p—p
where 8 = Bn (1 + TO)

Then making use of Equations (7, 13), the mass Equation (1)
is rewritten as

_ 1/n
p+ﬁ<1+PTf’°> Vov=0 (14)
If n = 1, the above equation is reduced to the simpler form
p+B+p—p)V-v=0 (15)

Furthermore, if only a perturbation of the incompressible state is
of interest (i.e., the cases for which | p— p0| /B <« 1), the above
equation is simplified to the more familiar form (Phelan et al.,
1989)

p+BV-v=0 (16)
Finally, an alternative weak form of the continuity equation is
obtained as

p

el
L”ht

This equation will be used in the following development of finite
element implementation.

In the SUPG method, the velocity test function, 8V, is the
sum of two terms, ie., 8V 8v+48vPe. The first term, dv,
is continuous within the elements and across their boundaries
and the second term, &vP8, is the discontinuous streamline
contribution. Moreover, 8vP8 is given by (Belytschko et al., 2013)

+c~Vp+ﬁ(l+p_Bp0

1/n
) \% ‘v:| dQ=0(17)

X

SvP& =1,,c- Vv (18)

where the stabilization parameter 7,, is chosen to be (Tezduyar
et al., 1992)

2 2+
Ty = —
" At

where ¢ is the time-step size,

2 —-1/2
4v\?

e

vh‘ = ,/(vﬁ‘)z—}—(vé‘)z is the

% is the

2 ’Vh‘
h

(19)

velocity norm, h is the element length and v =
kinematic viscosity.

Multiplying Equation (2) by the velocity test function §v and
then integrating over the current spatial domain yields the weak
form of the momentum equation:

/5 < ov
v. p R—
Q at x
av
SvPs. had
-I—/Q A% (p P

where 8v vanishes on essential boundaries (where the flow
velocity is imposed). The first term of the above equation is
the standard Galerkin terms while the last term serves as a
stabilization term.

+ pc-Vv — V-a) aQ

+ pc-Vv — V-a) dQ =0 (20)
x

Matrix Equations
The continuous element shape functions for the velocity and
pressure at node “I” are, respectively, Ny, Nf .

Continuity Equation

The pressure and its test function are, respectively,
approximated by

p=p(ON/ 1)

5p = dpr (H NT (22)

Then the spatial discretization of the weak form of the continuity
equation, Equation (13), gives

ap

M —=| +1p+Gv=0 (23)
X
where the nodal pressure vector is
p=[p] (24)
and its ALE time derivative is
a a
ol _ { o } 05)
at |, at |,
the flow velocity vector is
V= [1/,‘]] (26)
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the mass matrix is

MP = [ / NPNPdQ] (27)

the matrix L? is
r=3 [ / N7eiNY idsz] (28)

e Qe
the matrix G is
1

G= N (14222 N, da 29
Z[fg o (1+252) N (9)

In the above notations used in the formulations of matrix
equations, lowercase subscripts are used for components, and
uppercase subscripts for nodal values. Square brackets denote
matrix notation of tensors. The sum over elements is interpreted
as the assembling of the element contributions.

Momentum Equation
The velocity is approximated by

Vi = V,’]N] (30)
The velocity test function is discretized as
87 = 8v; + 8P (31)

where §v; = §v;;Ny and BVf G = T¢;dvi Ny j, and it is equivalent to

8V = SV,'INI (32)
where N] =Nr+t CjNI,j-

Substituting discretizations of velocity and its test function
(Equations 30-32) into the weak form of momentum equation
(Equation 20) yields

(M+Myap) o |+ (Lt Lap) v (F™ i) = (F¥+55,) (33)

X

where the material velocity vector is v and its ALE time
derivative is

d av;
K I ) (34)
ot |, ot |,
the mass matrices are
M = Z |:/ pNI’jN]dQ] (35)
e Q¢
Mgy = Z |:/ pTCjN[,jN]dQ] (36)
QL’

e

the viscosity matrices are

L = Z I:/Qe N[,()C]'N],dei| (37)
e
L — Z I:/S; pTCjNI)jCkN])de} (38)
e
the internal force matrices are
fint - Z |:/Qe N[O’j,'JdQ] (39)
e
fiy = — Z [/Qe TCjNI,jaki,de] (40)
e
the external force matrices are
feXt = Z|: ijbidg] (41)
e Q¢
f?:;tb = Z |:/s:2£ TCjNI,j/ObidQ:I (42)

e

Finally, the velocity and pressure fields are obtained by
numerically solving these non-linear ordinary differential
equations. Then the damping force of the MR damper, Fy, can be
calculated by integrating the total stress along the moving piston
boundary in Figure 2

Rp A
Fp = / o - n,dl’ (43)
R,

where dI" is the differential line element of the piston surface with
the outward unit normal vector n, in the z-direction. In addition
to the force that fluid acts on the piston, the measured forces
include the inertial force of the piston, so the final damping force
should be calculated as

F=F+Fy (44)
where the inertial force is F,, = mpap, m,, is the total mass of the
piston and connectors, a, is the acceleration of the piston.

Implementations of Weak Form PDEs in a

General FEM Program

The above SUPG based FEM model was implemented in the
general-purpose FEM program software Comsol Multiphysics
(Version, 5.0a) which provides an efficient computational
platform to solve various types of PDEs (COMSOL Inc,
2014). Three weak-form PDE modules were used, respectively,
for the continuity equation (variable: pressure), momentum
equation (variables: flow velocities), and the constitutive equation
(variables: viscous stress). Heavy use was made of Comsol’s
scalar expressions (for example, expressions for the total stress
components) in order to keep the whole model organized. The
built-in for element length allows the stabilization terms to be
implemented easily.
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TABLE 1 | Main design parameters of MR damper and material properties of

MR fluid.

Structural parameter Value

Gap width (g) 1.5 mm
Piston radius (Rp) 38.5 mm
Effective length (L) 54 mm
Stroke (sp) 58 mm
Number of coils 1

Piston (& connector) mass (mp) 6 kg

Shaft radius (R;) 15 mm
Winding length (L¢) 50 mm
Density of MR fluid (o) 1,500 kg/m?
Yield strength of MR fluid (input current, 0.5 A) (zs) 6,500 Pa
Viscosity of magnetically activated MR fluid (ks) 12 Pa-s
Viscosity of inactivated MR fluid (1) 0.22 Pa-s
Modulus of MR fluid (B) 3 x 108 Pa
Shear thinning/thickening index (mpg) 1.7
Pre-yield viscosity controlling parameter (kpre) 5x 1072
Post-yield viscosity controlling parameter (kpos) 5x 107
Stiction strain range (w) 10

Owing to the strong nonlinearity of the problem, small
time steps and tight absolute solver tolerances (10~ for the
flow velocities, 107> for the pressure and viscous stresses)
were adopted. The implicit the backward differentiation formula
(BDF) solver with the second order of accuracy was used to
discretize model PDEs in time. The resulted system of non-
linear algebraic equations was solved using the Newton-Raphson
algorithm. We then took advantage of the efficient built-in
direct solver “MUMPS” solver (MUltifrontal Massively Parallel
Sparse direct Solver) to solve the system of linear equations.
The calculation of the damping force in Equation (43) was
implemented in Comsol as a boundary coupling operator.

PARAMETRIC STUDY ON INERTIAL-
VISCOUS-FRICTIONAL-ELASTIC
TRANSIENTS

In this section, we take an overall picture of the coupled inertial-
viscous-frictional-elastic transients, by conducting a parametric
analysis for an MR damper which will be experimentally
study later. The structural parameters of this damper and
the material properties of the MR fluid are shown in
Table 1. The damper will be excited by a medium-frequency
sinusoidal displacement (8 mm, 10Hz), and the low- and
high- frequency loading cases will be included in later
sections. For each parametric analysis, only one dominant
parameter is changed by three levels while keeping the other
parameters fixed.

The inertial effect becomes more significant with
larger fluid densities. When increasing the fluid density,
larger fluctuations in the damping force appear when the
damper enters the post-yield zone, as shown in Figure 3.

Meanwhile, the displacement-force loop in Figure 3A
rotates clockwise. It is reasonable to expect that under
a frequency excitation frequency these inertia related
effects will be further enhanced, and this will be seen in
later sections.

When increasing the viscosity (kpg), the damping force
increases apparently and the shape of the displacement-force
loop becomes more elliptic, as shown in Figure 4.

Figure 5 shows the “frictional” effect which is perhaps the
most salient feature of MR dampers. The damping force is
strongly in proportion to the shear yield strength of MR
fluids which can be continuously adjusted by controlling the
input currents.

The elastic effect due to the compressibility of MR fluids,
which has been neglected in most previous computational fluid
studies on MR dampers, however, has a great impact on the
performance of an MR damper.

Because of the compressibility of MR fluid, the damping force
cannot change instantly but gradually varies when the piston
reversing its direction as shown in Figure 6A, and this leads to
an obvious velocity-force hysteresis loop in the pre-yield region
as shown in Figure 6B.

EXPERIMENT

After having a basic overview of coupled inertial-viscous-
frictional-elastic transients in MR dampers, an experimental
study will be performed to validate the FEM model. The
performance of an MR damper (Zhixing S & T Ltd., Jiangsu,
China) was tested on a hydraulic universal testing machine, with
the experimental test setup shown in Figure 7. The main design
parameters of the damper were listed in Table 1, and the material
properties of MR fluids are also shown in Table 1.

A DC current source was used to apply electric currents
to the damper. The damping forces were tested under the
low-, medium and high- frequency sinusoidal displacement
excitations: 40 mm/2 Hz, 8 mm/10 Hz, 5 mm/20 Hz. To ensure
that the dissipation heating is not too high, the temperatures at
typical positions was measured by thermocouples connected to a
data acquisition system.

For confirming the applied input currents, a digital
multimeter was used to monitor in real time the input currents.
It was found that the temperature nearly remained unchanged
due to the short testing time, and that the DC current source
output was accurate. Supplied by the manufacture (Zhixing S &
T Ltd., Jiangsu, China), the shear yield strength at typical input
currents of 0.5 and 1 A are, respectively, 6,500 and 13,000 Pa.
According to previous work by Guo et al. (2014), the equivalent
shear yield strength without input current can be calculated from
the frictional force (483 N) as 17,000 Pa.

MESH SENSITIVITY EXAMINATION

Before validating the FEM model by using the experimental
data, it is necessary to study the effect of mesh dependency
of the model results. Three refinement levels, ie., coarse,
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FIGURE 3 | The inertial effect in MR dampers. (A) Displacement-force loop. (B) Velocity-force loop.
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normal, and fine meshes with 5,473, 13,075, and 26,734
degrees of freedom (DOFs), respectively (FigureS2), were
used to simulate the performance of the MR damper under
the medium-frequency sinusoidal displacement excitation. As
shown in Figure S3, the difference between the model results

is negligible (in terms of either displacement-force or velocity-
force loop), and we will choose the normal mesh in the
following validation of the model. It is worth pointing out
that about 2 days were used to solve the model with the
fine mesh on a personal computer (i7 CPU, 8G RAM), while
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the models with the coarse and normal meshes only took
several hours.

VALIDATION OF THE FEM MODEL

The performance of the tested MR damper in previous section
is simulated in this section. As shown in Figures 8-10, the
overall agreement is good between the model predictions and the
experimental data.

The hysteretic behavior of MR dampers, either in terms
of the force-displacement or the force-velocity, is frequency
dependent. With increasing excitation frequency, the force-
displacement loop rotates because of the larger inertial effect.
The damping force oscillates more violently under the high
frequency excitation. With increasing excitation frequency, the
force-velocity loop in the pre-yield grows fatter and the loop in
the post-yield is no longer ignorable. It is interesting to note
that force oscillation is observed when the MR damper switches
from the pre-yield region to the post-yield region, and it is very
similar to the classical step response for a mas-spring-damper
second order system. Although similar results were achieved
in the previous studies on lumped parameter modeling of MR
dampers (Nguyen and Choi, 2009; Goldasz and Sapinski, 2013),
few attempts have been made to explain such step-response-like
force variation. Detailed explanation well be made later in this
study in terms of mass the flow rates.

The discrepancy between the experimental and calculated
results, which becomes more apparent under high frequency-
excitations, is still not clear and worth further studying in future
works. However, we believe that a more realistic modeling the
compressibility of MR fluid should enhance the accuracy of the
FEM model.

DISCUSSION AND FUTURE WORKS
Flow Field Within Damper

The FEM model makes it possible to have a clear picture
of the flow of MR fluid in an MR damper. As shown in
Figure 11, the flow velocity magnitude during one complete

high-frequency excitation cycle is presented at typical
time instants (0, T/4, 2T/4, 3T/4, T; T 0.05s is the
excitation period).

The high-speed flow of MR fluid mainly happens in the
working gap as expected. The mean velocities throughout the gap
[including both unenergized zone (Q2xr) and the energized zones
(2mr1 and Q2pr2)] should be roughly equal, in order to satisfy
continuity. However, in the energized section, due to the yield
stress, the velocity profile is more plug-like, i.e., flatter and this
can be seen clearly in Figure S4.

The velocity profile in the unenergized sections is more
pointed. Therefore, in the unenergized section, the maximum
velocity is higher, but in the energized sections the velocity is
closer to the piston velocity. The overall flow rates should be
roughly equal in both energized and unenergized sections. When
the piston reversing its direction (¢t =T/4, 3T/4), a large vortex is
observed near the gap end, and the fluid elsewhere moves slowly
in the chamber.

Mass Flow Rate

The mass flow rate in the working gap directly determines
the damping force of an MR damper. In the following,
lets examine the mass flow rates under different frequency
loadings. The normalized flow rates at three key locations
as shown in Figure12, i.e., the left piston end (Qp), the
left (Qu) and right (Qr) working gap ends, are computed
using boundary integral operators and then compared
in Figure 13A.

Near the maximum displacement, the flow rates at the left and
right piston ends (Qr and right Qg) are negligibly different (as
shown in Figures 13B,C), but they are apparently distinguishable
from the flow rate at the piston end (Qp). This implies that the
compression of MR fluid mainly happens in the chambers rather
than in the working gap.

As in the history of damping force (Figures11-13), the
similar step-response like oscillations are also observed in
the mass flow rate as shown in Figure 13A. To reveal such
oscillations, let’s take a close view on the process when the piston
changing its direction (yellow highlight zone in Figure 13A). For
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FIGURE 7 | Experimental setup. (A) Picture of the experimental setup. (B) Schematic diagram of experiment.

simplicity, we will focus the fluids in the pressurized chamber and force in the working gap. The nonzero flow rate in this
the working gap. Several key points (P;~P4) in Figure 13B) split (pre-yield) period is because we have used in our FEM
this process into different periods as below. model a very large but finite pre-yield viscosity instead

of an infinitely large one as in the ideal Herschel-Bulkley
model, and the fluid can flow very slowly even in the
pre-yield zone.

P,-P3 period: After P, moment, the damper enters the post-
yield zone. Because the post-yield viscosity is several orders

(1) Py~P; period: In this period, the MR damper works in the
pre-yield zone. After changing its direction (at P; moment),
the piston moves slowly and the fluid in the working gap
is almost locked due to the large pre-yield viscosity (or )
the friction effect). Meanwhile, the fluid in the pressurized

chamber is constantly being compressed and the pressure lower than the pre-yield viscosity, the fluid in the working
inside increases with the piston movement. This process gap finally can move much more freely from now on. Under
continues up to P, moment when the accumulated pressure the thrust of the large chamber pressure accumulated in
in the chamber become large enough to balance the friction the P;~P; period, the fluid in the working gap suddenly
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flows “freely” at a large acceleration. At this time instant, the ~ (3) P3-P4 period: Much like the case of a small extending

inertial effect becomes dominant, as evidenced by the peak in instantly applied to a pre-compressed spring, when
the flow rate (Point P3 in Figure 13B) or the overshoot in the the fluid in the chamber suddenly starts to flow
damping force. outward, the pressure inside drops slightly, and the
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flow rate in the working gap as well as the damping
force decreases accordingly. Consequently, a small
undershoot (P4 in figure) appears for the first time in the
post-yield zone.

(4) From P4 to the next piston reversing moment: After the
damper enters the post-yield zone, it becomes hard for
the piston to squeeze the chamber fluid as it does in
the pre-yield zone. Conceptually, just like it is difficult
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to compress a spring at an end when the other end
can move. The increase in the damping force mainly is
contributed by the increase in the piston velocity which
leads to an increasing viscous damping force (due to the
viscous effect).

If we look very closely at the mass flow rates at the two ends of the
working gap, we can find small difference between them as shown
in Figure 13C). Such difference results from the compressibility
of MR fluid in the working gap, and it is expected to become
larger with the increasing volume of the gap.

Keeping in our mind the above picture of transition of
MR fluid from the pre-yield to the post-yield zone, we can
actually give a reasonable estimation on the amount of the fluid
compression during the pre-yield period. According to the simple
Bingham fluid model, the chamber pressure (p,) at the yield
moment (P, in Figure 13B) can be approximated by

Under this pressure, the piston displacement variation (or the
fluid compression along the axial direction of the damper), Az,
can then be calculated from

dv

v

Az A Az

(so—Az) A so — Az

Py (46)

Where the distance of the piston away from its maximum

displacement position Az = zg sin (27ft) — 2o sin <2nf%) , % <
t < % The meanings and values of other variables in equations

(45) and (46) can be found in Table 1.

The normalized compression (é—oz)

obtained using the
Equations (45, 46) are presented in Figure 13B, and they can be
used as reasonable approximations of the total fluid compression
accumulated in the pre-yield zone. Moreover, the piston velocity

at the yield point can also be estimated by using Equations (45,

, an ey indeed offer a good estimation on the wi o
L 46), and they indeed off good estimat the width of
= . e pre-yield zone (about twice the piston velocity at the yie
by =27 (45)  the pre-yield zone (about twice the piston velocity at the yield
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point), as shown in Figure 14. In other words, the frictional
effect and the elastic effect of MR fluid together dominate the
pre-yield hysteretic behavior of MR dampers. If a small pre-
yield loop is desired, the chamber volume should be as small
as possible and a MR damper should work under a low input
excitation current.

Compared to the previous CFD modeling studies of MR
dampers, the main contribution of this study includes two
aspects: (a) the compressibility of MR fluids, which has been
neglected in previous studies, is proven to be essential for
accurate predictions of hysteretic behavior of MR dampers; (b)
the mechanism behind the step-response-like force oscillation
of an MR damper, which has been rarely reported in previous
researches, is explained in detail in this study.

It is interesting to note that the hysteretic behavior of an MR
damper can be described either by an incompressible viscoelastic
fluid as shown in recent studies or by a compressible viscoplastic
fluid as demonstrated in this work. Thus, the combination of
these two constitutive models, that is, a compressible viscous-
elastic-plastic fluid model, is believed to predict the hysteretic
behavior of MR dampers more accurately, and this will be
investigated in our future works.

CONCLUSION

In this paper, the coupled inertial-viscous-frictional-elastic
transients in MR dampers was investigated using finite element
simulation and experimental validation under low-, medium-,
and high- frequency sinusoidal displacement excitations and
different input electric currents. The main concluding points are
as follows:

(1) Representing the piston movements by the moving
boundaries, the ALE form of the conservation laws offers a
natural way to describe the fluid flow in MR dampers. The
flow problem in MR dampers can be effectively solved by
the SUPG based FEM method and the solution exhibits little
mesh-size sensitivity.

The weak compressibility of MR fluids is crucial to accurately
predict and understand the dynamic performances of MR
dampers. It should not be ignored, as in most previous
studies on modeling of MR devices. The compression of
fluids mainly happens in the pressurized chamber instead
of the working gap, and it can be reasonably estimated on
the basis of the shear yield strength and bulk modulus of
MR fluid.

The mechanical model of MR dampers is essentially a
second order mass-spring-viscous (friction) model. The
widely used Bouc-Wen model is intrinsically deficient for
accurate predictions, because it is only a first order system.
In the second order system of MR dampers, the fluid density
reflects the inertial effect, as indicated by the fatness of
the hysteretic loop in the post-yield zone. The post-yield
viscosity controls the proportion between the damping force
and the piston velocity in the post-yield zone. The shear
yield strength gives rise to the fictional effect and governs
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FIGURE 14 | Width of pre-yield zone under different frequency loadings.

the magnitude of damping force in the post-yield zone. The
compressibility of fluids, playing the role of a spring, is
responsible for both the hysteretic loop in the pre-yield zone
and the force fluctuations in the poste yield zone.

The ratio of shear yield strength to the bulk modulus (z,/B)
determines the boundary between the pre- and post-yield
zones. When a MR damper crosses this boundary, a step
response is observed as in a second order mass-spring-
viscous system model, and it can be explained in terms of
mass flow rate.

The hysteretic behavior of MR dampers shows a strong
dependence on the excitation frequency. With the same
maximum piston velocity, both pre-yield and post-yield
hysteric loops grow apparently fatter with increasing
sinusoidal excitation frequency. Moreover, the damping
force oscillation becomes more violent under higher
frequency excitations and it becomes significant under low
input currents.

(4)

)

To the best of our knowledge, this is the first compressible
fluid based 2D flow simulation and experimental validation
of coupled inertial-viscous-frictional-elastic transients in MR
dampers, and it can be a valuable aid in research on general
MR devices.
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The hysteresis non-linearity of a magnetorheological (MR) fluid damper is one of the
main reasons to restrict it to be widely used in shock buffering fields. This research
aims to reduce or eliminate the effect of the magnetic hysteresis of the MR damper.
A magnetic hysteresis compensation control method is proposed and verified in this
paper. Jiles-Atherton (J-A) model is employed to descript the hysteresis non-linearity
between the adjustable damping force and the actual magnetic induction intensity in
the effective damping channel of the MR fluid damper. The simulation of the magnetic
compensation control system is performed to evaluate the effectiveness of the proposed
method and the employed model. In order to obtain the actual magnetic induction
intensity, a MR fluid damper embedded in a Hall sensor is designed and manufactured.
The experimental study is carried out to verify the proposed PID control of hysteresis
compensation method. Both the simulation results and the experimental results show the
MR fluid damper employed proposed hysteresis compensation method with PID control
can almost completely eliminate the effect of hysteresis under both low frequency and
high frequency input. The experimental results indicate the hysteresis control system of
MR fluid damper is of good dynamic performance which make it suitable for the shock
buffering system. At last, a simulation model of the MR-damper-based impact buffer
system with hysteresis compensation control is established to verify the buffer effect of
the system. The output damping force of the MR impact buffer system indicates the buffer
performance has been improved by employing the magnetic hysteresis compensation
control method.

Keywords: MR fluid damper, hysteresis non-linearity, compensation control, shock buffering system, PID control

INTRODUCTION

Magnetorheological (MR) damper is a new semi-active control device with magnetorheological
fluid as working medium. It changes the shear yield stress of magnetorheological fluid by changing
the current applied to the inner coil, thus changing its output damping force (Carlson, 2002).
Magnetorheological damper has the advantages of simple structure, large damping force, wide
adjustable range, low energy consumption, fast response speed, and wide dynamic range. Extensive
research has been carried out in the field of vibration control of buildings, bridges, automobiles
and machinery, and preliminary applications have been obtained (Dyke et al., 1998; Choi et al,,
2000; Sahasrabudhe and Nagarajaiah, 2005). At present, most of the applications of MR dampers
are in the field of low-speed and low-frequency random loadings. In recent years, the application of
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MR dampers in the field of impact loadings under high-speed
conditions has also begun to attract attentions (Goncalves et al.,
2006; Wereley et al., 2011; Bai et al,, 2018; Shou et al., 2018; Li
et al,, 2019). MR shock buffers have good application prospects
in the fields of aviation, aerospace, weapons, vehicles, and ships.
However, the hysteretic non-linearity of MR damper limits its
further application and development, especially in the field of
shock buffering. In the impact buffer system, because of the short
impact time, MR dampers are required to have fast and accurate
response characteristics. The hysteresis of a MR damper will
affect the prediction and control accuracy of the damping force,
and also cause time delay to the system. Unlike the low-speed
shock absorption process, the shock buffering process usually
lasts only for a short period of time from several 100 ms to several
seconds. The hysteresis characteristics of MR dampers seriously
affect the performance of the buffer control.

Because of the soft magnetic properties of iron particles and
their fluidity in fluids, the hysteresis of magnetorheological fluids
is very small or non-existent and the magnetization curve of
MRE is almost linear (Jolly et al., 1998). The hysteretic non-
linearity of MR fluid dampers mainly comes from two aspects
(Seong et al,, 2009; Li et al., 2019). One is from the non-
linearity between damping force and velocity. It is caused by
frictional force and fluid compressibility in the damper and
the non-linear rheological properties of MR fluid such as yield
stress and shear thinning. The other one is the hysteresis non-
linearity between the adjustable damping force and the control
current of the MR damper caused by the magnetic hysteresis
characteristic. It is the hysteresis non-linearity between magnetic
induction intensity and magnetic field intensity due to the
magnetization characteristics of ferromagnetic materials in the
internal structure of MR damper. The output adjustable damping
force of the MR damper is controlled by the control current
applied on the coils. While the magnetic field intensity is directly
generated by the control current and the output adjustable
damping force is a function of the magnetic induction intensity.
Therefore, the hysteresis non-linearity between the magnetic
induction intensity and the magnetic field intensity in the MR
damper shows the hysteresis non-linearity between the adjustable
damping force and the control current.

The hysteretic non-linearity between the damping force and
velocity of MR dampers can be described and eliminated by
establishing a hysteretic dynamic model. In order to describe the
hysteretic non-linearity of MR dampers, a lot of research work
has been done on the dynamic modeling of MR dampers. On the
basis of theoretical and experimental analysis, many hysteretic
models, such as non-linear hysteretic double-viscous model,
Bouc-Wen model, phenomenal model, polynomial model, and
S-type hysteretic model etc. have been proposed (Wang and
Gordaninejad, 2007; Wang and Liao, 2011). Fuzzy theory, neural
network, and other intelligent theory are utilized to establish
hysteretic model of MR damper (Xia, 2003). Compared with
the commonly used simple models, such as Bingham model and
Herschel-Bulkley model, the above hysteretic dynamic models
have improved the fitting accuracy in varying degrees. However,
these existing hysteretic non-linear models are all aimed at the
hysteretic characteristics between damping force and velocity.

The hysteretic non-linearity between adjustable damping force
and control current are not considered in the models. Unlike
the low-speed vibration reduction process, the shock buffering
process usually lasts only for a short period of time from several
100 ms to several seconds. The hysteretic non-linearity caused
by the transient change of control current seriously affects the
performance of buffer control.

Hysteresis modeling of ferromagnetic materials has been
extensively studied. Many different models have been proposed.
All of these models can be roughly divided into two categories:
operator-based model and differential equation-based model.
Preisach model is the most general operator-based model
proposed by Preisach. It is a hysteresis model based on
magnetization mechanism (Preisach, 1935). It assumes that
hysteresis can be modeled as the sum of a weighted hysteresis
operator. However, it requires a weight function constructed
from experimental data (Joseph, 2001). A large number of
data points and repeatability of system behavior have a direct
impact on the accuracy of the model. Prandtl-Ishlinskii model
is another operator-based model, which assumes that hysteresis
can be described by the superposition of hysteresis operators
with single threshold and density functions similar to Preisach
model (Wang et al, 2010). The advantage of this model is
that the computation time is less. However, Prandtl-Ishlinskii
model presents asymmetric hysteresis loops and saturated
output. Hodgdon model assumes the mapping relationship
between magnetic induction and magnetic field intensity. It is
described by differential equations based on physical insight
into the magnetization process (Coleman and Hodgdon, 1986;
Hodgdon, 1988). Jiles-Atherton (J-A) hysteresis model is based
on domain wall theory of ferromagnetic materials. According
to the domain wall motion mechanism, the hysteresis loop
between the magnetization intensity and the external magnetic
field is obtained by deducing two differential equations of
the irreversible magnetization component and the reversible
magnetization component. J-A is a model based on first-order
differential equation (Jiles and Atherton, 1986). Because of its
stable algorithm, simple calculation, and clear physical meaning,
it has been attracted attentions.

Few studies have proposed complete solutions to both the
two kinds of hysteretic non-linearity of MR dampers. Choi et al.
used Preisach model to build magnetic hysteresis compensator
for MR dampers used in vehicle vibration reduction and tried to
eliminate the effect of hysteresis non-linearity (Seong et al., 2009).
More attentions have been paid on the hysteresis characteristics
of MR clutch or brake as follows. Mechanical models including
hysteresis characteristics have been established by theoretical
analysis method (An and Kwon, 2003). A hysteresis non-linear
model considering both hydrodynamics and magnetic hysteresis
characteristics was established (Jedryczka et al., 2009). Magnetic
hysteresis was reduced by feedback of the magnetic induction
intensity (Erol et al., 2012). The results show that these methods
for eliminating hysteresis effect of MR actuators can reduce
hysteresis non-linearity and zero input torque to a large extent.

In order to eliminate the influence of hysteresis non-linearity
on the performance of MR dampers, especially to improve
the performance of MR dampers in impact buffer system.
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This research aims at the magnetic hysteresis non-linearity
of MR dampers. A magnetic hysteresis compensation control
method is proposed. A Hall sensor is embedded in the effective
damping channel position of the MR damper. Then, the magnetic
induction intensity measured by the Hall sensor is fed back
to a PID controller. The control current is output and applied
to the electromagnetic coils of the MR damper. The hysteresis
compensation effects of hysteresis compensation control method
under both low frequency input signal and high frequency input
signal are verified by simulation and experiment, respectively. At
the end of this paper, a simulation model of the MR impact buffer
system is established to verify the effect of the proposed hysteresis
compensation method.

THEORY OF MAGNETIC HYSTERESIS
MODEL OF MR DAMPER

Because the internal structure of MR damper contains of
ferromagnetic materials, the hysteresis non-linearity between
magnetic induction intensity B and magnetic field intensity H is
caused by its magnetization characteristics. Magnetorheological
damper controls the output of adjustable damping force by
changing the input of control current I, and the magnetic
field intensity is directly generated by the control current,
so the output adjustable damping force F; is a function of
magnetic induction intensity. Therefore, the hysteresis non-
linearity between B and H is shown as the hysteresis non-linearity
between F; and I in a MR damper.

J-A hysteresis model is a typical differential equation-based
model. It is based on domain wall theory of ferromagnetic
materials. The total magnetization M consists of irreversible
magnetization component M, and reversible magnetization
component M,,, shown as:

M:Mirr+Mrev (1)
Assuming that the direction of the external magnetic field H is
the same as that of magnetization M, the effective magnetic field
H, can be expressed as:

H+ aM

H, ()
where « is the coeflicient of the molecular field. According to
Weiss’s molecular field theory, o can be expressed as o %,
where 0 is the paramagnetic Curie temperature and C is the
Curie constant.

The differential of total magnetization to magnetic field
intensity can be expressed as:

dM

-0 (Man — M) dMan
dH

ké — a (Man — Mirr) ¢ dH

, 3)

where ¢ is a reversible magnetization coefficient. M,, is
hysteresis-free magnetization. k is the constraint parameter.
It is multiplied by vacuum permeability 1o as hysteresis loss
parameter K. K represents the change of energy loss in each
element during magnetization, which is proportional to the

number of pinning points and energy. 8 is a parameter indicating
the direction of magnetic field change. When dH/dt > 0,8 = 1.
When dH/dt < 0,8 = — 1.

The hysteresis-free magnetization M,, in Equation (3) is
described by an improved Langevin function shown as:

H,
Man = Ms |:C0th <i> — ii| s
a H,

where M is the saturation magnetization. It depends on the
material’s own characteristics and temperature. a is the shape
parameter of hysteresis-free magnetization curve.

As shown in Equation (3), the differential equation of J-
A model describes the relationship between magnetization M
and magnetic field H. In a MR damper system, the magnetic
induction intensity is measured by a Hall sensor embedded in the
MR damper. Hence, the differential equation shown as Equation
(3) can be transformed into the differential relationship of B-H.
As,

(4)

B = po(H + M), (5)

the magnetic field intensity can be obtained from the
following equation:

(6)

Where H is the intensity of magnetic field. N is the turn number
of excitation coil. I is the excitation current. L, is the effective
length of magnetic circuit.

In order to facilitate the modeling and simulation of hysteresis
J-A model, Equation (3) is transformed into a time-dependent
differential equation. The two sides of Equation (3) are multiplied

0.10
Experimental
-----Simulation
0.08 | -
0.06 | -

0.02 + p

Magnetic induction intensity B/T

0.00 - L L L L
0.0 0.5 1.0

Current /A

FIGURE 1 | Measured magnetic hysteresis curve and the fitting curve
generated by Jiles-Atherton model (Ms = 1.24 x 106, a = 2.68x10%, o =
1.47x107%, ¢ = 0.54, k = 5.69x10°).
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by dH/dt simultaneously so that Equation (3) is transformed into
a differential of time, as shown in the following equation:

i
dt

dMan
dt

(Man — Mirr) dH

= (1 — -
1-9 k8 — a (Man — Mirr) dt

@)

By using simulation software MATLAB/SIMULINK, the J-A
model represented by Equation (7) can be dynamically modeled,
simulated, and analyzed. In combination with Equations (5-7)
is transformed into a set of differential equations with current
as input and magnetic induction intensity as output. Given five
parameters M, a, o, ¢, k of J-A hysteresis model, the hysteresis
loop between excitation current and magnetic induction intensity
can be obtained, as shown in Figure S1.

During the operation of the MR damper, the direction of
current applied to coils of the MR damper usually keeps same.
Therefore, the hysteresis non-linearity of the MR damper is tested
only in the first quadrant and fitted by J-A model as shown in
Figure 1 (Li and Gong, 2019).

HYSTERESIS COMPENSATION CONTROL
METHODS

In order to reduce or eliminate the obvious hysteresis non-
linearity between the control current of the MR damper and
the magnetic flux intensity in the effective damping channel,
a control method of hysteresis compensation is proposed in
this paper. First of all a relationship of the theoretical optimal
adjustable damping force F;(t) and the desired magnetic flux
density By(t) was derived by calculation (Erol et al., 2012).
As shown in Figure 2, the error e(t) between the theoretical
magnetic flux density B;(t) and the measured magnetic flux
density By, (t) is derived. Then the error is as the input of
the PID (Proportional-Integral-Derivative) controller. The PID
controller outputs the control current to the coils of the MR
damper or J-A model.

PID control is a traditional control strategy which is easy to
realize and widely used in the industry automatic control system.

Optimal F = (t) T Bd(t) e(t) PID 1(1) MR damper
—_— - >
d controller (J-A model)
Bm(t)
FIGURE 2 | Schematic of PID control of the magnetic compensation control for a MR damper.
A
n |:|| l:]l
Bdesired
F 1) Scope Scope2
To Workspace1
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(- »J .
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FIGURE 3 | Simulation block diagram of magnetic hysteresis compensation control of a MR damper. (A) Open-loop control. (B) PID control.
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In a control system, Equation (8) indicates the relationship of the ~ expressed as follows:
output signal u(t) and the error signal e(?):

de(t) Ki = — (9)

dr -

u(t) = Kpe (t) + Kz/ e(t) +Kp (8)

and
Where, Kp is the proportional coeflicient, K; is the integral
coefficient and Kp is the derivative coeflicient. For PID Kp = KpTp. (10)
controller, u(t) is the controlled value. Defining T; as
integral time constant and Tp as derivative time constant.  The proportional element in PID controller represents the speed
The relationships of time constants and coefficients can be  of the control system. The larger the Kp the faster the response

Control interface Acquisition

dovics DC power supply

MR damper

‘
-

- Connecting wires of
Hall sensor .

FIGURE 5 | MR damper with embedded in Hall sensor. (A) Schematic of the MR damper (1) piston, (2) coil, (3) MR fluid, (4) fairlead hole, (5) Hall sensor, and (6) piston
rod. (B) Picture of the MR damper.
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speed of the system is and the higher the adjustment precision
is, but it may cause overshoot and oscillation. On the contrary,
the system response is slow. The integral element represents the
accuracy of the control system. The integral term is introduced
to make up for the defect that proportional control cannot
eliminate steady-state error. When the error is integrated, the
integral effect will increase with the increase of time and the
output of the controller will be increased so that the steady-
state error will be further reduced to zero. If the integral time
constant 77 is small, it means that the integral effect is strong,
and vice versa, the weaker. However, if the integral coefficient
K7 is too large, the dynamic performance of the system will
deteriorate and the overshoot and oscillation will occur. Hence,
the stability of the system will be reduced. The differentiation of
errors reflects the rate of variation of errors, that is, the trend
of system errors. Because the phase angle of the differential
element is ahead, when the error becomes larger, the differential
of the error is greater than zero. And when the error decreases,
the differential of the error is less than zero. So the differential
control can produce the effect of early correction. When the error
increases or decreases, the differential control will change the
trend and reduce the error ahead of time so that the response
speed of the system will be accelerated and the adjustment time
will be reduced. So the differential control makes the system has
good dynamic performance. But differential control needs to be
used properly, otherwise the system will oscillate. In order to
avoid oscillation, the value of differential coefficient Kp is usually
small (Li and Wang, 2012). The proportion coefficient, integral
coefficient, and differential coefficient affect the control effect
together. Reasonable adjustment of three parameters of K, K,
and Kp is the key of the effectiveness of PID controller.

The J-A model of the magnetic hysteresis non-linearity of the
MR damper above is utilized here to establish a control model
in Simulink. The simulation model of the magnetic hysteresis
control of a MR damper is shown in Figure 3. Figure 3A is the
open-loop control system that means there is no magnetic flux
density signal feedback. Figure 3B is the PID control system that
means the magnetic flux density signal feedback and the PID
controller works. In the feedback system, the module of Memory
is employed to solve the problem of algebraic loop which will
reduce the simulation speed or even reduce the accuracy of the
simulation results or result in error results. As the constant § in
the Equation (3), the differential equation of the J-A model, is
a symbol function which is inconvenient for derivation. Hence,
the derivate module is not used in the magnetic hysteresis
compensation control system.

EXPERIMENTAL SETUP

The experimental setup of the magnetic hysteresis compensation
control for the MR damper is mainly composed of a MR damper
embedded in Hall sensor, acquisition device, current driver, DC
power supply, test interface as shown in Figure 4.

ELVIS (National Instruments Corporation) suite is adopted as
the hardware of data acquisition device. ELVIS is an educational
laboratory virtual instrumentation suite as well as a common

used high performance data acquisition card. The maximum
sampling frequency of ELVIS is 1 MS/s and the resolution of
analog input is 16 bit. The resolution of analog output is 16 bit
as well. The function of analog + output is to output the control
voltage to the current driver which is controlled by voltage of
0-5V. The current driver (Lord, RD-3003-03) output current
of 0-2 A according to the analog output of ELVIS. The control
interface software is programmed by LabVIEW as shown in
Figure S2. As the experiments with open-loop control is used
to compare with the experiments with PID control, the relative
software interfaces are designed and programmed, respectively.

The MR damper embedded in a Hall sensor is designed
specially for research of the magnetic hysteresis control as shown
in Figure5. As we can see from Figure 5A, the Hall sensor
(Allegro, A1304) is pasted in the cylinder surface of the piston.

A1304 linear Hall-effect sensor IC outputs analog signal which
is convenient for data acquisition. It provides a miniature and low
profile surface mount package as shown in Figure $3. A small
plane is filed on the cylinder surface of the piston in order to
mount the sensor. The branded face of the sensor IC is pasted
firmly on the plane of the piston utilizing adhesive. As can be
seen, the height of the IC is 1 mm so that it can be mounted on
the piston which moves within the small gap of 2 mm. Hence,
the miniature and low profile of the sensor IC is in favor of its
mount. The footprints of Hall sensor and their connecting cables
are covered with sheaths to insulation. The Hall sensor and the
two coils of the MR damper are sealed by epoxy resin. The MR
damper consists of a mono-tube and a two-ended piston with two
stage coils. Because both the wire of the coils and the connecting
wire of the sensor IC are needed to lead out of the MR damper,
the double-ended piston is suitable for the MR damper embedded
Hall sensor. The two-ended piston rods are hollow. The wires of
the coils is leaded out from one end of the piston rod and the
conducting wires connected to the footprints of the Hall-sensor
IC is leaded out from the other end of the piston rod as shown
in Figure 5B.

For the MR damper in this paper is designed and
manufactured specially for verify the magnetic hysteresis
compensation control method, both the dimension and the
damping force is designed small. The structural dimensions of
the MR damper are shown in Table 1.

SIMULATION AND EXPERIMENTAL
RESULTS

Simulation Results
The adjustable damping force F; is a non-linear but single-valued
function of magnetic induction intensity B. For comparison,

TABLE 1 | Structural dimensions of the MR damper.

Inside diameter of the cylinder, D1 (mm) 39
Diameter of the piston, Do (mm) 35
Diameter of the piston rod, d (mm) 18
Gap length of the magnetic field, Lo (mm) 32
Gap length of the flow, L (mm) 80
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FIGURE 6 | Simulation results of magnetic hysteresis control of the MR damper under the low frequency input signals. (A) Open-loop control under window function
input signal. (B) PID control under window function input signal. (C) Open-loop control under multistep function input signal. (D) PID control under multistep function
input signal. (E) Open-loop control under semi-sinusoidal function input signal. (F) PID control under semi-sinusoidal function input signal. (G) Open-loop control
under semi-sinusoidal functions with variable amplitude input signal. (H) PID control under semi-sinusoidal functions with variable amplitude input signal.
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FIGURE 7 | Simulation results of magnetic hysteresis control of the MR damper under the high frequency input signals. (A) Open-loop control under window function
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the desired magnetic induction intensity instead of optimal
adjustable damping force in Figure 2 is given as several typical
signals of window function, multistep function, semi-sinusoidal
function, and semi-sinusoidal functions with variable amplitude.
The maximum amplitude of every simulation signal is set as 1
Tesla so that the relative magnetic hysteresis shows obviously
in the curve. The simulation results of magnetic hysteresis
compensation control of the MR damper are shown in Figure 6.
The results in Figures 6A,C,E,G indicate that the magnetic
induction intensity output by the MR damper cannot track the
desired magnetic induction intensity after the signal start to
decline in the open-loop control system. It is the reason that J-
A magnetic hysteresis model established in the MR damper as
shown in Figure 3. The results in Figures 6B,D,F,H show that
the output signals of magnetic induction intensity can always
track the changes of the input signals in the PID control system
when Kp = 0.5 and K; = 400. That means the PID control with
appropriate coefficients can eliminate the effect of the magnetic
hysteresis. The dynamic performance of the PID control system
of MR damper is also obviously shown in Figures 6B,C. There is
no overshoot in the dynamic process that partly leads to fast track

of the output. The rising time is around 40 ms and the falling
time is around 20 ms. The rising time and falling time in the
simulation system are partly caused by the Memory module as
shown in Figure 3 which leads to delay of the output. Moreover,
the differential coefficient is zero. That means that there is
no differential element in the PID control system. However,
differential element can improve dynamic performance of the
PID control system.

As we know, the duration of the impact loading of the
buffering system is short and always <0.1s (Li and Wang,
2012). To verify whether the method of hysteresis compensation
control can work well in a buffering system, four kinds of high
frequency input signal is used for simulation. The simulation
results are shown in Figure 7. Figures 7B,D,F,H show the PID
control results of hysteresis compensation of MR damper under
four kinds of high frequency input signals. The frequency of
semi-sinusoidal signal is 200 Hz that means the time of one
period is 0.05s as shown in Figure 7F. Under the condition
of high frequency input signal, the compensation effect of the
PID control of hysteresis compensation is not different from
that under the condition of low frequency input signal. The
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values of hysteresis are close to 0. That shows that the hysteresis
compensation control method proposed in this paper is suitable
for shock buffering system with short working period, and will
be beneficial to improve the control accuracy of MR damper in
shock buffering system. Under the condition of high frequency
signal, the dynamic performance is also affected by Memory
simulation module and lack of differential element as shown in
Figure 7B. The rising response time is about 40 ms as same as
that under low frequency input signal.

Experimental Results

The experimental results of magnetic hysteresis compensation
control of the MR damper under four kinds of low frequency
and high frequency input signals are shown in Figures 8, 9,
respectively. The frequency of every kind of input signal is
as same as that in the simulation system for comparison.
In the experimental system, the input signal is the control
current generated by the current deriver as shown in Figure 4.
The experimental results shown in Figures 8, 9 indicate that
the hysteresis under the PID control is almost completely
compensated under both low frequency and high frequency
input signals. Compared with the simulation results, the dynamic
performances of the experimental results have been significantly

improved. The response time is much shorter than that in
simulation. The maximum response time is around 15ms. The
reason is that the experimental system does not include the
Memory simulation module. It also reveals that the response time
of the simulation system is mainly caused by the delay of the
simulation module.
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FIGURE 10 | Ideal controllable damping force.
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The LabVIEW software generates the four kinds of typical
signals as the setting values of the control system, respectively.
Then the setting values convert to the analog voltage from the
digital value by the DAQ device. Taking the analog voltage signals
as the input of the experimental hysteresis compensation control
system, the unit of the input signals is Volts and the voltage range
is 0-5V. The output signal of the experimental system is the
output voltage of the Hall sensor. The voltage range of the Hall
sensor is 0-3.3 V. Hence, the normalized amplitudes of the input
and the output are plot in Figures 8, 9 for comparison.

SIMULATION VERIFICATION OF
HYSTERESIS COMPENSATION CONTROL
IN MR IMPACT BUFFER SYSTEM

Ideal Impact Buffer

A typical MR impact buffer system can be descripted as a MR
damper and a mass as shown in Figure S4. The MR damper
outputs damping force F,,, which consists of uncontrollable part

F,, and controllable part F;. F,, is related to the velocity of the
piston of the MR damper. While F; is related to the magnetic
flux density of the effective damping channel.

According to Newton’s second law, the motion equation of the
system can be descripted as

(11)

Fpt_Fmr=m3&,

where Fy; is the impact force loaded on the mass. m is the mass of
the object subjected to the impact loading. x is the displacement
of the mass.

The ideal impact buffer effect is obtained when the damping
force equals to constant (Li and Wang, 2012) as shown

(12)

Fur i = Fr + c1x = constant,

where Fy,, ; is the ideal damping force and ¢ is the coefficient
determined by the dimension of the MR damper.
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According to the impact loading in the gun recoil system
(Liand Wang, 2012), the impact force as shown in Figure S5 is
given to verify the effect of the hysteresis compensation control.

Combine Equations (11) and (12), the ideal displacement x(t)
and the ideal velocity x(t) can be obtained by solving the second
order differential equation. Assuming the ideal damping force
Fynr i equals to 4,000 N, the ideal controllable damping force F;
can also be obtained as shown in Figure 10. The impact buffer
motion starts when the impact force loaded in the mass and the
motion ends when the velocity of the mass changes to 0. As
we can see, the calculated ideal controllable damping force F;
changes within 0.07 s. That means the control current needs to be
changed quickly. Fast change of the current leads to the obvious
decrease in performance of the system caused by the magnetic
hysteresis. Hence, the magnetic hysteresis of the MR damper in
the impact buffer system will inevitably reduce the buffer effect.

Simulation of the MR Impact Buffer System
The model of the MR-damper-based impact buffer system is
established and the simulation block diagrams of MR impact
buffer system including magnetic hysteresis model are shown in
Figure 11. The mechanical model and the magnetic hysteresis
model of the MR damper are both included in the simulation
system. Although the ideal damping force is as a condition of the
calculation for Equation (11), the actual output damping force of
the MR damper is not constant for the existence of the magnetic

hysteresis. Figure 11A shows open-loop control and Figure 11B
shows PID control. In Figure 11B, the magnetic flux density of
the MR damper is fed back for obtaining the error of the ideal
magnetic flux density and the actual magnetic flux density as the
input of the PID controller.

RESULTS

The simulation results of the MR impact buffer system under
open-loop control and PID control are obtained as shown
in Figures 12, 13, respectively. For the impact buffer system,
the relationship of the actual damping force and time or the
relationship of the actual damping force and displacement of the
mass is used to evaluate the buffer performance. The closer the
curve is to the constant, the better the buffer performance will
be. Figures 12C,D indicates that the peak damping force is much
larger than the ideal value 4,000 N and is not keep constant in the
whole buffer process under open-loop control. Figures 13C,D
shows that a peak damping force still exists at the very beginning
buffer process under PID control. While the value of the peak
damping force under PID control is much less than that under
open-loop control.

For comparison, the curves of the damping force and the
displacement under two control methods are shown together as
shown in Figure 14. As we can see, the damping force under PID
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control is similar to constant mostly except for the part at the very
beginning of the buffer process. The damping force under open-
loop control can’t keep constant during the whole buffer process.
The results indicate the magnetic hysteresis of the MR damper
decreases the buffer performance and the PID control based on

magnetic flux density feedback can greatly compensate the effect
of the hysteresis.

SUMMARY

In this research, the magnetic hysteresis compensation control
method for MR damper was investigated. Jiles-Atherton model
was employed to descript the magnetic hysteresis non-linearity
of the MR damper. A MR damper embedded in a Hall sensor
was designed and manufactured for verify the effective of the
magnetic hysteresis compensation control method proposed in
this paper. A PID controller is employed in the hysteresis
compensation system to adjust the performance of the magnetic
induction intensity feedback system. The numerical simulation
proved the feasibilities of the PID control of the magnetic
hysteresis compensation system of the MR damper under
both low frequency input and high frequency input. The
experimental setup was established by integrating the MR
damper embedded in a Hall sensor and the measurement,
control device, and software interface. The experimental results
show that the measured magnetic induction intensity can track
the input signal well under any of the four kinds of setting
signals both with low frequency and high frequency by PID
control. This means that the effect of magnetic hysteresis
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was nearly completely eliminated by PID controller. At the
same time, the dynamic performance of the experimental
magnetic hysteresis system is good with no overshoot and fast
response speed. In order to verify the effect of the proposed
hysteresis compensation control method in the MR impact
buffer system, a simulation model of the MR-damper-based
impact buffer system is established. The results show that
the impact buffer system with PID control obtains the better
buffer performance than that with open-loop control. It means
the proposed hysteresis compensation method in this paper is
suitable for the shock buffering system with a MR damper to
improve the buffering performance of the system subject to
impact loadings.
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A novel magneto-rheological variable stiffness and damping torsional vibration absorber
(MR-VSDTVB) is proposed, fabricated and tested. According to the test data, the
control model of MR-VSDTVB is established. Meanwhile, the analysis of the multi-
degree-of-freedom model of the powertrain system provides the key frequency and the
rotating velocity of the torsional vibration control of the powertrain system and further
determines the installation position and structural parameters of MR-VSDTVB. Besides,
a human-simulated intelligent controller (HSIC) is developed and numerical simulation
of the powertrain system with MR-VSDTVB is carried out. Ultimately, the results verify
the effectiveness of the powertrain system with MR-VSDTVB and the semi-active HSIC
algorithm on the torsional vibration control.

Keywords: MR-VSDTVB, powertrain system, semi-active, HSIC, control model

INTRODUCTION

With the gradual improvement of people’s ride comfort requirements, the research of vehicle noise,
vibration, and harshness (NVH) characteristics has become a hot spot. Many factors would affect
the NVH performance of vehicles, among which the torsional vibration of the powertrain system
is absolutely critical (Qing-Hua et al., 2015). The power of the vehicle is generated periodically in
every second rotation of crankshaft for each cylinder creating dynamic forces on the crankshaft.
The torque generated by the engine is the main reason for the torsional vibration of the automobile
power system (Ye, 2012). As the torsional vibration energy of powertrain system is transmitted
to the vehicle body, the vehicle will produce vibration and noise, which will ultimately affect
the ride comfort.

In addition to improving and optimizing the control system of electronic fuel injection (EFI)
engines, the most common method of suppressing torsional vibration is to install a torsional
vibration absorber in the powertrain system. The common installation positions of the torsional
vibration absorbers in the powertrain system are the engine output shaft or the specific inertia disks
directly. The first type of effective torsional vibration absorber includes the dual mass flywheel
(DMF), the centrifugal pendulum vibration absorber (CPVA) and the DMF with CPVA, etc.
(Johann et al., 2014). The second type of torsional vibration absorber is the dynamic vibration
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absorber, which is attached to the primary system. Dynamic
vibration absorbers have attracted the attention of many scholars
because they do not need to change the powertrain system
significantly. Besides, Dynamic vibration absorbers can also
effectively improve the torsional vibration response of the
powertrain system in a large frequency range.

In recent years, with the emergence of various new intelligent
materials, the research on semi-active dynamic vibration
absorber is also prevailing. The semi-active dynamic vibration
absorber can vary its inherent frequency to follow the external
excitation frequency, which needs very little energy input. The
frequency of dynamic vibration absorber can be changed by
means of variable stiffness or variable inertia. Furthermore,
the semi-active variable stiffness torsional vibration absorber
becomes the most common type on account of its ease of control
and simplicity of structure (Xu, 2010; Zhang, 2015). Davis et al.
(1997) proposed a piezoelectric semi-active torsional vibration
absorber, which controlled the stiffness of piezoelectric ceramics
by changing the electric field and ultimately achieved semi-active
control of the natural frequency of the absorber. Williams et al.
(2002) used shape memory alloys as a variable stiffness core
component and proposed a novel semi-active variable stiffness
vibration absorber. Because the stiffness of the material varied
with the working temperature, the working temperature could
be changed by turning the power on or off. The variable stiffness
characteristic of the magneto-rheological elastomer (MRE) under
the external magnetic field made it applicable to the frequency-
tunable absorber. A series of torsional vibration absorbers with
simple structure and superior performances have been designed
(Deng and Gong, 2007; Hoang, 2011; Fu et al., 2016; Qian
et al.,, 2017; Wang and Jing, 2018; Yu et al., 2018). Nagaya et al.
(1999) designed a MRE absorber and proposed a system with
the MRE absorber, and then a relevant controller of the system
with the MRE absorber was proposed by setting the torsional
vibration amplitude of the system as the input signal and the
minimum torsional vibration amplitude of the system response
as the control objective. Through numerical simulation, Zhang
and Li (2009) proved that the semi-active vibration absorber had
a good damping effect by utilizing a real-time control strategy.
Gao et al. (2018) realized the torsional vibration control of the
system in a wide range of excitation frequency by configuring
the MRE absorber groups in the system and using the input
excitation frequency as the input signal. Huang et al. (2019), Sun
etal. (2016) and Harris et al. (2017) applied MR fluid to the design
of the variable stiffness and damping devices, and proved their
effectiveness through prototype test.

At present, there are few studies on the application of
magneto-rheological fluid in variable stiffness devices, especially
torsional variable stiffness devices, and the research on variable
stiffness devices mainly focuses on theoretical analysis and
physical realization, which often ignores the practical limitations
of the prototype, such as the range of variable stiffness values and
other nonlinearities in an actual implementation.

This paper focuses on the application of MR fluid in a
magneto-rheological variable stiffness and damping torsional
vibration absorber (MR-VSDTVB), which is designed, fabricated
and tested to demonstrate the output characteristics of

MR-VSDTVB. Then, the research on the powertrain system
with MR-VSDTVB is carried out. Variable stiffness and variable
damping control strategy and its control performance will be
investigated. The organization of this study is as follows. In
Section 2, the vibration characteristics of a powertrain system are
analyzed. The discussion on MR-VSDTVB is shown in Section 3.
The human-simulated intelligent control (HSIC) algorithm of
the powertrain system with MR-VSDTVB is investigated in
Section 4. Section 5 reveals the simulation results and discussion.
Conclusions are drawn in section 6.

VIBRATION CHARACTERISTICS OF THE
POWERTRAIN SYSTEM

The automobile powertrain system is a typical multi-degree-
of-freedom system. A front-mounted rear drive car powertrain
system, which was proposed by Kang et al. (2014), etc. is
adopted here. Based on the principle that the kinetic energy and
potential energy of the system remain unchanged before and after
simplification, the equivalent model is composed by simplifying
the powertrain system as the inelastic inertia disks and the
massless inertial axes, as shown in Figure 1. The corresponding
relationship between the components of the powertrain system
and the parameters in Figure 1 is detailed in nomenclature to
ensure the readability of the paper, which is not listed separately
here. The red block in Figure 1 is the proposed torsional vibration
absorber with variable stiffness and variable damping.

Based on the equivalent model, the dynamic equation
of the powertrain system can be obtained as shown in
Equation (1). When K; =0 and C; =0, the equation is
the differential equation of the currently common automobile
powertrain system.

T{6} + K {6} +K; {65} = {T} (1)
N1 01 00
P 0, Do ]11
J= 5= % | K= Ci Ky :
J17 017 0 0
0
Ttotal
Ttotal
Ttotal
é 6 Ttoml
01— (92— d),T: 0
{g} (912_6d :
0
Ty
0
Ty 17x1
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FIGURE 1 | System equivalent model with torsional vibration absorber.
The periodic fluctuating torque of the engine is the main  TABLE 1| Natural frequency value and sensitivity analysis.
excitation source of the powertrain system, including the torque
. . . Order 1th 2th 3th 4th 5th 6th
Tg produced by the cylinder gas pressure and the inertial torque
T; of the rotating parts. The formulas of the output torque Ty,  Natural frequency (Hz) ~ 1.69  6.82 8206 8670 64.01  211.08
of the engine are as follows (Robert, 2007). Sensitivity analysis Jis Jis Js Jia Jio Js

Ty = (PaAg) Rsin (wt) [1 + ? cos (mt)] ()

1
T,‘ = 7mBR2002

R . . 3R .
5 [i sin (wt) — sin 2wt) — > sin (3wt)] (3)

Trotal = Tg +T; (4)

The equivalent damping torque of the powertrain system is
formulated as follows.

To solve the inherent characteristics of the powertrain
system, the torsional differential equation of the un-damped free
vibration of the powertrain system is obtained as follow.

{6} + K {0} = {0} (8)

The natural frequencies and sensitivity analysis of the
powertrain system are obtained as shown in Table 1.

A four-cylinder four-stroke engine is adopted here. The
second-order main harmonic is the main excitation of the engine
and the main factor that causes the torsional vibration of the
powertrain system. From the following formula, the frequency

Ty = (Fuw + Fr) twheel /10 (5)  of the second-order main harmonic of engine excitation

can be obtained.
T )

CpAV? f="%
AFIRE ©

’ Here r = 2 is set. It is well known that the rotating velocity
range of an automobile engine is generally between 1500 and
F, = ymyg (7) 6000 rpm. Formula 9 and Table 1 show that the rotating
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FIGURE 2 | Effect of damping and stiffness parameter control of torsional vibration absorber on the powertrain system.
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velocity corresponding to the 5th order natural frequency of
the powertrain system is 1920 rpm, which is within the normal
working rotating velocity range of the engine. When the engine
approaches this rotating velocity, resonance will occur, which
will affect the ride comfort of the vehicle, and may cause fatigue
damage to the system components. The emphasis of this paper
is to effectively suppress the torsional vibration of the powertrain
system near to the rotating velocity of 1920 rpm by installing a
torsional vibration absorber.

According to the sensitivity analysis of the moment of inertia
to the eigenvalues of the system, it can be seen that the moment
of inertia of the Jj; inertia disk is most sensitive to the 5th-
order natural frequency of the system, which also determines the
installation position of the torsional vibration absorber as shown
in Figure 1.

To analyze the vibration reduction mechanism of the torsional
vibration absorber, a two-degree-of-freedom simplified torsional
vibration model is obtained as shown on the right side of Figure 1
by taking the powertrain system as a whole. The dynamic
equation of the two-degree-of-freedom torsional vibration model
is as follows.

J¢ 6g +Cd(6g —04) + Kd(eg —04) + Ke0g =M @)
Ja 04 —Caq(0g —0,) — Kg(B; — 64) =0

(10)

Take the excitation torque as M (t) = Me/™*. Assume that the
solution to equation (10) is as follows.

0 = Age™0y = Age™ (11)

Then the amplitude of the main system can be obtained.

M (Kg — Jaw? + iCyo0)

TABLE 2 | Equivalent model parameters of the powertrain system.

The moment of Torsional stiffness

Number inertia (kg - mm?) (Nm/rad)
1 141 20883.49
2 5386 99891.12
3 5512 99891.12
4 5512 99891.12
5 5421 45362.60
6 85200 2109.55
7 1171 3155.81
8 551 89160.87
9 2332 5340.25
10 1592 15831.01
" 2898 28871.35
12 2722 1919.67
13 547 278.06
14 11722 331.63
15 1554162 303.06
16 11722 331.63
17 1554162

The amplitude multiplier of the main system R, can be
expressed as.

A, (v —22)” + 200

¢ Ay Q02 (02 — 1+ 02)7 + [1n2y2 — (02— 1) (12 = )

(13)

As a typical two-degree-of-freedom system, when the
absorber’s damping ratio ¢ is changed, the system’s amplitude
radio curves with different damping ratios can be obtained. When
the natural frequency ratio of torsional vibration absorber to the
main system y = 1 is set, the passive control curve in the right
picture of Figure 2 can be obtained. The following results can be

A, =
T (Kg — Jgw?) (Kg — Jaw?) — JaKaw?] + iCqoo (Kg — Jgw? — Jaw?) obtained by introducing f = w% into Equation (13).
(12)
Here we introduce the following parameter variables. 2 22
weintroduce the flloving paramete A -+ (xf)
g = A = N2
N NV T EE) 02w w2 - 02 - 1) (2= 1))
JoT T wg T o T T KT 2Ky (14)
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Where f is the ratio of the excitation frequency to the natural
frequency of the torsional vibration absorber. When f = 1 is set,
it means that the natural frequency of the torsional vibration
absorber changes with the change of the excitation frequency.
Hence, the variable stiffness control curve in the right picture
of Figure 2 is obtained. It can be seen that the vibration
response of the main system can be effectively improved by
real-time control of the damping and stiffness of the torsional
vibration absorber.

Here the ratio 4 = % is obtained and the equivalent model
parameters of the powertrain systerm are shown in Table 2.

The moment of inertia J; of the torsional absorber can be
selected. Since the required control frequency of the powertrain

system is f5 = 64Hz, the stiffness adjustment range of the MR-
VSDTVB needs to cover the stiffness value corresponding to the
frequency fs.

MR VARIABLE STIFFNESS AND
DAMPING VIBRATION ABSORBER

Sections 2 verifies that the variable stiffness and damping
torsional vibration absorber can effectively suppress the torsional
vibration of the main system within a certain frequency range,
through changing the stiffness and damping values in real time.
A magneto-rheological variable stiffness and damping torsional

Frontiers in Materials | www.frontiersin.org

May 2020 | Volume 7 | Article 121


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/
https://www.frontiersin.org/journals/materials#articles

Dong et al.

Magneto-Rheological Variable Stiffness and Damping

A A-a
40 —Test results (I1=0A)
—-Test results (1=0.4A)
30 " Test results (1=0.8A)
Test results (1=1.2A)

N
o

Torque (Nm)
)

Damping torque (Nm)
o

-10 -5 0 5 10 15
Angle (°)
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vibration absorber (MR-VSDTVB) was designed and fabricated
to realize the research on torsional vibration control of the
powertrain system.

Structure and Working Principle of
MR-VSDTVB

Figures 3A,B show that the MR-VSDTVB consists of a rotating
variable damping element and a rotating variable stiffness
element in parallel. The core component of the rotating variable
damping element is a disk MR damper. The rotating variable
stiffness element consists of two sets of variable stiffness
components which are symmetrically installed in the variable
stiffness disc groove. Each set of variable stiffness components
involes a linear MR damper and two arc springs with different
stiffness, which are placed at both ends of the damper.

When the primary flywheel and the sliders of the MR-
VSDTVB rotate under the action of the external torque, the
primary and secondary flywheels of the MR-VSDTVB rotate
relatively to each other accordingly. In addition, the torque
between them is composed of the damping torque generated
by variable damping element and the stiffness generated by
variable stiffness element. The semi-active adjustment of the
damping torque of variable damping element can be achieved

by changing the current applied to the disk MR damper.
The stiffness torque generated by variable stiffness element
is composed of the damping forces generated by linear MR
dampers, and the spring forces generated by compression
deformation of the springs K;» and Kjy;. The damping forces
provided by the linear MR dampers can be adjusted by changing
the currents applied to coils of the dampers, and compressive
deformation of the springs Ky, and Kj; can be changed,
respectively, without changing the total deformation amount.
Finally, the purpose of indirectly adjusting the stiffness of
variable stiffness element is achieved. The details of the MR-
VSDTVB are specified in paper (Wang, 2019), which will not
be described here. The MR-VSDTVB model can be obtained
from the working principle and structure of the MR-VSDTVB as
shown in Figure 3C.

Figure 3C-a shows that MR damper C; is connected in parallel
with arc spring Kj,, then connected in series with arc spring
Ky to form equivalent variable stiffness element, and finally
connected in parallel with MR damper C; to form the MR-
VSDTVB. The equations of motion for the system shown in
Figure 3C-a are as follows.

Ja 04+ Cs- 04— ) + Kap - (04 — 0) + Cy - (04 — o) = M(D)

Kt - Oy — 80) = Ce - B — Bun) + Ky - (8 — 0r) (15)
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TABLE 3 | Parameters of the MR- VSDTVB model.

Positive rotating velocity Negative rotating velocity

do 2.38 €o —5.58 do 9.89 [=0) —17.64
90 —6.18 ho -0.22 90 —6.62 ho —0.66
di —2.69 e1 6.30 di 15.11 €1 —27.41
91 3.14 hy 1.98 91 12.46 hy —0.33
do 0.29 e —-0.70 do -3.21 e 6.41
92 —1.37 ho —0.31 92 -3.13 ho 0.39
ds 3.78e-2 es —7.74e-2 ds 0.25 e —0.56
93 0.24 hs 3.09e-2 93 0.31 hs -0.07
dy —7.19-3 ey 1.44e-2 dy —9.63e-3 ey 2.37e-2
94 —1.79e-2 ha —1.66e-3 94 —1.563e-2 ha 4.9e-3
ds 3.29e-4 es —6.4e-4 ds 1.82e-4 es5 —5.1e-4
95 5.8e-4 hs 4.43e-5 95 3.71-4 hs —1.6e-4
ds —4.65e-6 €6 8.91e-6 ds —1.41e-6 €6 4.55e-6
96 —6.82e-6 he —4.3%-7 96 —3.62e-6 he 1.83e-6
b1 1.75 bo —6.4 bz 3.28 ba 0.09
bs —-0.29 be 0.15 b7 10.23 bs 0.65
bg —12.22 b1o 28.82 b11 —-2.26 b1z —3.73
b13 9.61 b1a -3.13 fo 0.27

Let the excitation torsion torque M(t) = Moe™, 0y = 0, and
it can be obtained from the upper equations.

04 1

My —Jg- 0® + Ky — (K2 - (Kgt + Kap)/(Kgy + Kp)? + C2 - 0?)
+i- (Ca+ (K3, - C/ (Kt + Kpp)* + C2 - 0?)) - o

(16)
The corresponding transfer function of the equivalent model
shown in Figure 3C-b is

%_ 1

= - (17)
My —]d-wz-i-Kd-l—l-Cd-(,o

Comparing Equation (17) with Equation (16), the equivalent
stiffness and damping coeflicients are as follows.

K3, - (Kgi + Ka2)

K;j =Ky —
CTNT Ky + Kp)? + €2 o
1+
=Ky -|1-— — (18)
@+ +(%2)
Kil'cf 1

C:izcd-l-

Ky +Kpp)? + C2-0?

(19)
Where n = Ilg—ﬁ. Equations (18) and (19) indicate that equivalent
stiffness K is only related to C;, and C} is influenced by Cs
and Cy. If C; = 0, the nKy = Ky - Ko/ (Kg1 + Kip), C:j = CyIf
Cs = 0o, then Ky = Ky1, C; = Cy. Hence, adjusting the damping
coefficient Cs can play an equivalent role in regulating the stiffness
of the system. Although adjusting the damping coefficients Cs
and C; can adjust the equivalent damping C); of the system, the
effect of damping C; on the equivalent damping of the system

(1 )2 2
-+1 [0}

is much greater than that of damping C,. Consequently, two MR
dampers C; and C; with controllable damping coefficients can be
used to adjust the equivalent damping and stiffness of the system
approximately independently.

Control Modeling of MR-VSDTVB

Considering that the variable stiffness element and variable
damping element of MR-VSDTVB are arranged in parallel,
the test scheme adopted here is to test the mechanical
characteristics of the two elements separately. The performances
of MR-VSDTVB under different excitation frequencies, different
excitation angular amplitudes, and different currents were tested
on the MTS test bench. The stiffness and damping mechanical
properties of MR-VSDTVB were tested, respectively, and the test
curves of Figures 4A,B are selected as representative for display.

Figure 4A shows that the torque required by MR-VSDTVB
at the same rotation angle increases with the increase of
current, which also indicates that the stiffness of MR-VSDTVB
increases gradually.

It can be seen from Figure 4B-a that under the same amplitude
and frequency conditions, the damping force of MR-VSDTVB
also increases continuously with the increment of current, so is
the envelope of the power diagram. Consequently, the energy
consumption of MR-VSDTVB increases with the increase of
current. From Figure 4B-b, it is known that the damping torque
of MR-VSDTVB increases with the increment of the current at
the same rotation velocity.

Figures 4A,B show that the stiffness force and damping force
of MR-VSDTVB have a controllable characteristic. The semi-
active control of the stiffness and damping of the MR-VSDTVB
can be achieved indirectly by controlling the coil currents.

According to the characteristic analysis of the test curves
of the MR-VSDTVB’ variable stiffness element and variable
damping element, it is found that the polynomial model is
suitable for the modeling of the variable stiffness element Ty,
and the hyperbolic tangent model is suitable for the modeling of
the variable damping element T,. The mathematical expressions
of the hyperbolic tangent model and polynomial model
are as follows.

Te=c-o+k-6+atanh(P - o + 3sign(0)) + fo
n .
Td = Zaiwl
i

Where ¢= bllz + byl + b3, k= b412 + bsI + b, o = b;I+
bg, B = bol* + biol 4 by1, 8 = bial* + bisl + big, a;j = dil’ +
e;I? + gl + h; and 1 is the applied current input.

By fitting the test data with the above mathematical models,
the parameters of the mathematical models are obtained as shown

in Table 3.
Equations (20) and (21) may be expressed as.

(20)

1)

[ T,; - (hlIZ + h21+ hg) cw+ (b4[2 + h51+ hé) -0
min & (1) = abs +(b712 + bgl + bg) tanh((b1ol + hll) o)
+(b121 + b13)sign(0)) + fo
st. 0<I<2
(22)
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FIGURE 5 | Model Prediction of the MR-VSDTVB. (A-a) Rotating angle-torque (0.2 Hz). (A-b) Rotating angle-torque (0.6 Hz). (A) Model prediction of variable
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min & (I) = abs [Td —> (gl + hi)wi]
0<I<2

(23)
s.t.

For functions (22) and (23), the optimization method, such as
the Golden Section method, can be used to obtain the required
control currents of the variable stiffness element and the variable
damping element (Aliases are the inverse models), respectively.
In the actual system test, the look-up table method can be used to
ensure the response speed of the real-time control.

I.=min& (D) (24)

I; = min&; (D) (25)

The control currents of the variable damping element I,
and the variable stiffness element I; are used for semi-active
control of the MR-VSDTVB’s damping torque and stiffness
torque, respectively.

The polynomial model of the variable stiffness element
and hyperbolic tangent model of the variable damping
element are compared with the test data of MR-VSDTVB
as shown in Figures 5A,B.

Figures 5A,B show that the mathematical models used here
can approximate the test data well and describe the hysteresis
characteristics of MR-VSDTVB under the illustrated frequency
and amplitude as well as different currents. Similar results
are also found at other excitation frequencies and amplitudes.
Figure 5 also shows that when the torque of the variable
stiffness element of MR-VSDTVB is known at any relative
angle, the corresponding stiffness can be obtained, which
reveals the stiffness and the torque are both controllable and
available in real time.

HUMAN-SIMULATED INTELLIGENT
CONTROL (HSIC) ALGORITHM OF THE
POWERTRAIN SYSTEM WITH
MR-VSDTVB

The Origin of HSIC Algorithm

To effectively suppress the torsional vibration of the powertrain
system, a human-simulated intelligent controller (HSIC) is
designed. The original HSIC algorithm, which was first proposed
by Zhou and Bai (1983) in 1983, has become a fundamental
and systematic method used in resolving some general industrial
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control problems for the last 30 years. In recent years, the HSIC
theory has been further advanced through combing with the
schema theory of modern cognitive science. After many years of
research, HSIC theory based on sensory-motor intelligent schema
(SMIS) has come into being (Li et al., 2004). The theory provides a
more effective and systematic method in resolving some complex
control problems.

Design of HSIC Controller

By setting the engine cylinder pressure in the time domain,
the ideal rotating velocity of the main reducers shaft is
obtained from the design of the test plan. In the numerical
simulation process, the ideal rotating velocity of the main
reducer’s shaft is obtained through the transmission ratio of the
powertrain system. The input shaft of the main reducer actual
rotating velocity-time relationship and ideal rotating velocity-
time relationship are shown in Figure 6A. In the process of
acceleration, the difference between the actual rotating velocity
curve and the ideal rotating velocity curve are selected as the
rotating velocity fluctuation error. The photograph on the right
side of Figure 6A is the amplitude-frequency curve, which is
obtained by Fourier transforming of the rotating velocity curve
of the main reducer’s input shaft.

The system excitation main frequency f., the rotating velocity
fluctuation error and the rotating acceleration fluctuation error

(error e and error derivative é) of the main reducers input
shaft are selected as input signals as shown in Figure 6. The
excitation frequency f, is used to judge the state of the system. The
resonance frequency f, of the powertrain system, which is shown
in the photograph on the right side of Figure 6A, is basically
consistent with the 5th natural frequency of the powertrain
system shown in Table 1. The photograph on the right side of
Figure 6A shows that the region near the resonance frequency f,
is set as the resonance region, and the remaining region is set as
non-resonant region. The second section shows that the torsional
vibration of the system in the resonance region can be suppressed
to a large extent by adjusting the MR-VSDTVB stiftness to make
the natural frequency consistent with the excitation frequency of
the powertrain system. Because the natural frequency adjustment
of the MR-VSDTVB does not cover the entire resonance region
in the design and test of the MR-VSDTVB, the resonance region
is divided into the MR-VSDTVB controllable region and the
MR-VSDTVB uncontrollable region in the actual control as
shown in Figure 6. The controller divides the state characteristic
information space of the system into the following three regions
according to Figure 6.

Resonant and MR—VSDTVB controllable region :
Resonant and MR—VSDTVB uncontrollable region :
—M <f, <mjormy <fo <M

Ve_fn| >M

my < fo<m
(26)

Non — resonant region :
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FIGURE 7 | Error Classification of HSIC. (A) Rotating velocity fluctuation error in non-resonant region. (B) Rotating acceleration fluctuation error in non-resonant
region. (C) Feature model of HSIC.
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Where f,, represents the 5th natural frequency of the powertrain
system, which is approximately 64 Hz. M denotes the range
of the resonance region. M = 20 is adopted according to
the description of Figure 6. [m;m;] represents the operating
frequency range of MR-VSDTVB.

For the non-resonant region as shown in Figures 7A,B, four
thresholds ey, e, e3 and e4 are set to divide the rotating velocity
fluctuation error curve into A — A, B—B, C— C, D — D, and
E — E regions according to fluctuation error value. Similarly,
four thresholds dey, dey, de; and des are set to divide the
rotating acceleration fluctuation error curve into dA — dA, dB —
dB, dC — dC, dD — dD and dE — dE regions. Different control
parameters and control strategies are selected to control the

torsional vibration of the system under different combinations
of rotating velocity fluctuation region and rotating acceleration
fluctuation region.

Feature model of HSIC in non-resonant region is shown
in Figure 7C. The abscissa is represented by the rotating
velocity fluctuatione, and the ordinate is represented by
the rotating acceleration fluctuatione. Figure 7C shows that
the whole region is transformed into seven characteristic
modes, and the dotted lines indicate the desired phase
trajectory fy (e, €).

The ideal objective for controlling the error trajectory is to
make the rotating velocity fluctuation error and the rotating
acceleration fluctuation error both reach zero, and the actual
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rotating velocity follows the ideal rotating velocity of the shaft of
the main reducer as shown in Figure 6A. When there are errors
in the system response, the error trajectory is adjusted along the
phase trajectory curve in Figure 7C from the larger error regions
to the smaller error regions, and finally the desired minimum
errors are expected.

Sensed Schema
A sensed schema group can be formulated by:

Sp=<R;,Q,K,®, D >
The characteristic primitive set is chosen according to the
states of the powertrain system, which can be expressed as follow.
Q1 = {q1. 92}, Q = {43. 94, 95. 96, 97, 98, 99, 10, q11}
in which q; : Lfe—f,,| <M,q:m <fo<myq3:€ee<0,q4:

lel > e1,q5:lel > ex, gs:lel >e3, g7:lel >es, gg:lel > e,
qo : lel = e3,q10 1 el = e, q11 : |el > ég.

The sensed characteristic model can be written as follows, and
the characteristic modes are represented by ¢;.

b1 T q2
cI)l = { = Kl & Q1 = _
(03} a1 N g2
3 a
o m((%ﬂqgﬂ?b)U(ésﬂlﬁﬁ%) )
s U (g5 Ngs N q10) U (Ga N gs N qu1)
NgsNgsN
Dy=16¢5 { =K2®Q] = q3n?4mq5 am
.. q3 gs1qio
q3 N qe Nqo N qio
bs =2
o t_ﬁﬂgs
q3 M 44

Motion Schema and Association Schema
The motion schema can be described as follow.

Svy=<R;,P,L,¥,U >
The associated schema can be expressed as follow.

Q = {wy, wa, w3, wa, ws, we, wy}
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where

wi o = Uiwy by = Yaws 1 d3 = Yawy @ g = Yy
ws 2 Os U g U d7 = PUswe @ dg = Uewr 1 dg = 7.

Figure 8A shows the operation process of the HSIC control
scheme of MR-VSDTVB and the relationship between different
schemes. According to the measured rotating velocity of the shaft
of the main reducer, the corresponding excitation frequency f, is
obtained by Equation (9). When the excitation frequency is in the
resonance region, it is necessary to further distinguish whether
the excitation frequency is in the MR-VSDTVB controllable
region or MR-VSDTVB uncontrollable region, and then the
required MR-VSDTVB stiffness value K; and damping torque
value T, can be obtained through corresponding control modes.
When the excitation frequency f, is in the non-resonant region,
the characteristic mode of the current system response is judged
by Figure 7, and then the required MR-VSDTVB stiffness value
K4 and damping torque value T, can be obtained according to the
corresponding relationship between the characteristic modes and
the control modes. Further, the control current I, applied to the
variable damping element and I; applied to the variable stiffness
element can be obtained from the inverse model Equation (19)

and (20) of the MR-VSDTVB. Finally, the obtained control
currents I; and I, are, respectively, applied to the variable stiffness
element and the variable damping element of the MR-VSDTVB
to realize the semi-active control of the MR-VSDTVB. Figure 8B
shows the block diagram of the semi-active HSIC powertrain
system obtained from Figure 8A.

Due to the limitation of the stiffness adjustment range of the
MR-VSDTVB and the fact that the damping element of the MR-
VSDTVB is an energy dissipating element, the control output is
adjusted as follows.

Kimax Kg > Kiax
Kg Kmin < Kg < Kmax
Kmin Kd < Kmin

K; =

Tmax Tc (ed - é]z) < Oanch > Tmax
T Te (04— 012) < 0andTmin < Ty < Tmax
Tmin Others

Tyvr =

Where K:i and Tr represent the actual output stiffness value and
damping torque value of the MR-VSDTVB Ky and Kpyip are the
maximum and minimum stiffness values that the MR-VSDTVB
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can provide,respectively 6, and 61, indicate the rotating velocity
of the MR-VSDTVB and the main reducer’s shaft. Tr.x and Tiin
are the maximum and minimum damping torque values that the
MR-VSDTVB can provide.

SIMULATION RESULTS AND
DISCUSSION

To verify the effectiveness of the proposed semi-active
HSIC controller, a numerical simulation system based on
MATLAB/Simulink is established.

In this paper, the torsional vibration response of the main
reducer in the powertrain system is taken as the control objective,
and the RMS value and the decreasing index of the torsional
vibration response are taken as the criteria for evaluating
the control effectiveness (Wang et al., 2015). The numerical
simulation condition is the acceleration process of the automobile
engine from idle condition (900 rpm) to 2500 rpm.

The torsional vibration responses of the input shaft of the
main reducer in the powertrain system are compared in three

cases, which are without MR-VSDTVB, MR-VSDTVB without
control and MR-VSDTVB with control. Figure 9 shows the
numerical simulation results.

The simulation results show that the amplitude of the rotating
velocity fluctuation and the rotating acceleration responses can
be reduced by installing MR-VSDTVB on the input shaft of the
main reducer, and the semi-active HSIC control of MR-VSDTVB
can suppress the torsional vibration of the powertrain system
to a large extent.

To further verify the control effect of HSIC, the on-off
damping control and the on-off stiffness control are adopted for
comparison. The expressions of the on-off damping control and
the on-off stiffness control are as follows.

€= Cmax if e€>0

€= Cmin if €€ <0

k = kmax and ¢ = cmax if €6 >0
k = kmin and ¢ = cmin if e <0
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The output responses of the powertrain system under different
controls are shown in Figure 10. Figure 10 demonstrates that
the torsional vibration control effect of HSIC is obviously better
than the on-off damping control and the on-off stiffness-damping
control, and HSIC can effectively suppress the rotating velocity
fluctuation amplitude and rotating acceleration amplitude of
the main reducer’s input shaft, when the excitation frequency
approaches the resonance frequency. The rotating acceleration
curve of the on-off stiffness control contains some abrupt
amplitudes, which are mainly caused by the step change of
stiffness in the control process.

The stiffness change curve and damping torque change curve
in the HSIC control process are shown in Figure 11, from
which the control output under different system responses can be
observed. The root mean square values of system responses under
different controls in different regions are shown in Figure 12,
respectively. Figure 12 shows that HSIC in resonant and MR-
VSDTVB controllable region has the excellent torsional vibration
control effect, which is obviously better than that in MR-
VSDTVB uncontrollable region and non-resonance region. It
also shows that a better vibration control effect can be achieved,
by adopting the variable stiffness control strategy to make the
natural frequency of MR-VSDTVB consistent with the excitation
frequency of the system in the resonance region (the RMS
values of rotating velocity can be reduced to 36% at most.). The
HSIC control in the non-resonance region can also suppress the
torsional vibration of the system to a certain degree, and the RMS
values of the rotating velocity and the rotating acceleration can be
reduced to 90 and 74% at most, respectively.

Based on the above simulation results, the overall peak
and RMS values of rotating velocity fluctuation and rotating
acceleration of the main reducer’s input shaft under different
controls are calculated as shown in Figure 13. In view of the
overall effect of torsional vibration suppression, the peak and
RMS values of rotating acceleration can be reduced by 55.18
and 32.3%, respectively, when the HSIC control is applied to
MR-VSDTVB. Even the on-off stiffness control and the on-off
damping control can effectively reduce the peak and RMS values
of rotating velocity to a lower level (by 20.66 and 30.55% at
most, respectively).

CONCLUSION

In this study, a MR-VSDTVB and a HSIC controller are proposed
to suppress the torsional vibration response of the powertrain
system. The details can be concluded as follows.

(a) A MR-VSDTVB is designed, fabricated and tested. Based
on the test results, the models of the variable stiffness element and
variable damping element of the MR-VSDTVB are proposed.

(b) The multi-degree-of-freedom dynamic model of the
powertrain system is established, and the installation position
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APPENDIX

Nomenclature

Ji The moment of inertia at the free end of the engine, kg - mm
J2,J3,J4,J5 The 1~4 moments of inertia of cylinder crank
connecting rod group on the engine,kg - mm?

Jo The moment of inertia of the flywheel and the front of the
clutch,kg - mm?

J7 The moment of inertia of the driven disk of the clutch and the
front part of the input shaft of the transmission,kg - mm?

Js The moment of inertia of the rear end of the transmission input
shaft and the pair of constant meshing gears,kg - mm?

Jo The moment of inertia of the main and follower gear pairs in
each gear position and the front section of the output shaft,kg -
mm?

J10 The moment of inertia of the rear section of the output shaft
and the front section of the transmission shaft,kg - mm?

J11 The moment of inertia of the middle section of the output
shaft,kg - mm?

J12 The moment of inertia of the rear section of the drive shaft
and the main reducer’s active components, kg - mm?

J13 The moment of inertia of the follower of the main reducer, the
differential and the front half of the shaft,kg - mm?

J14, J1s6 The moment of inertia of left axle and left wheels, right
axle, and right wheels, respectively,kg - mm?

J15,J17 Half of the translational mass equivalent moment of
inertia of the vehicle body, respectively,kg - mm?

K1, K5 The torsional stiffness between the free end of the engine
and the crankshaft, between the flywheel and the crankshaft of
the engine,Nm/rad

K3, K3, K4 The torsional stiffness of cylinder crank connecting
rod group on the engine, respectively,Nm /rad

Kg The torsional stiffness of the clutch,Nm/rad

K7,Ks, Ko The input shaft torsional stiffness, intermediate
shaft torsional stiffness and output shaft torsional stiffness of
transmission,Nm/rad

Ko, K11 The torsional stiffness of the front and middle segments
of the transmission shaft,Nm/rad

Kj, The torsional stiffness of the input shaft of the main
reducer,Nm/rad

K13, Ki5 The torsional stiffness of the left and right axes,
respectively, Nm/rad

K14, Ki6The equivalent torsional stiffness of the left and right
wheels, Nm/rad

P4 The single cylinder gas pressure, N/m?;

Ag The piston area of the cylinder,m?;

R,I The crankshaft radius and connecting rod length, m

o The crankshaft angular velocity,rad/s

mp The piston equivalent mass, kg

2

F,, The air resistance, N

F, The rolling resistance in motion, N

Twheel The wheel radius, m

ip The transmission ratio

Cp The air drag coefficient

A The windward area of the vehicle,m?

V The driving speed of the vehicle, m/s

X The rolling damping coefficient between wheel and road

m, The vehicle mass, kg

g The gravity acceleration, m/ s

Tg The torque produced by the cylinder gas pressure, Nm

T; The inertial torque of the rotating parts, Nm

Ttota1 The output torque of the engine, Nm

r The order of engine excitation

np The resonance speed of the system, rpm

R;, Q, K,®,® The input information set, the characteristic
primitive set, the relation matrix, the operational symbol, and the
characteristic model set, respectively

P,L,¥,U The control mode primitive set, the coordination
relation matrix, the control mode set, and the control output,
respectively

Mmin, Mimax The minimum and maximum damping torque
provided by MR-VSDTVB, respectively, Nm

Kmin> Kmax The minimum and maximum stiffness provided by
MR-VSDTVB, respectively, Nm/rad

Cmins Cmax The minimum and maximum damping coefficient
provided by MR-VSDTVB, respectively,Nms/rad

K1, K52 The controllable stiffness selected under different control
modes respectively,Nm/rad

Lpr~pa, Laz~pa> Liz, c1 The control coefficients selected under
different control modes, respectively

J¢ The moment of inertia of the main system,kg - mm
K The stiffness of the main system,Nm/rad

J4 The moment of inertia of the torsional vibration absorber,kg -
mm?

K, The stiffness of the torsional vibration absorber,Nm /rad

C; The damping coefficient of the torsional vibration
absorber,Nms/rad

0,04 The rotation angle of the main system and the rotation
angle of the torsional vibration absorber, rad

M (t) The excitation torque, Nm

i The Inertia ratio of torsional vibration absorber to the main
system

X The frequency ratio of forced vibration

y The natural frequency ratio of the torsional vibration absorber
to the main system

As The static deformation of the main system

¢ The damping ratio

wg The natural frequency of the main system

w4 The natural frequency of the torsional vibration absorb

2
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The present study aims at the development of a magnetorheological elastomer (MRE)
based semi-active seat suspension isolator and its adaptive control using a neural
network (NN) control scheme. Isotropic MRE samples with 25% volume fraction of
iron particles have been fabricated and then characterized under shear mode using a
rotary magneto-rheometer to obtain MRE’s viscoelastic properties (shear storage and
loss moduli) under different levels of applied magnetic flux density. Results reveal a
significant change in the storage and loss moduli with respect to the varied magnetic field.
The viscoelastic properties of the MRE are then utilized to design an MRE-based seat
suspension isolator in order to attenuate the transmitted vibration to the driver. For this
purpose, the modeling of the seat incorporated with the MRE-based isolator is derived
and subsequently, a novel NN control scheme is proposed for the semi-active control of
the MRE-based isolator. The convergence and stability of the proposed control strategy
have been mathematically verified using the Lyapunov method. Finally, the performance
of the proposed control strategy is compared with those obtained using passive and
widely used sky-hook controllers under different types of excitation including harmonic
motion, road bump, and random profile. It is shown that the proposed NN controller
considerably mitigates the vibration of the driver seat and outperforms the passive and
skyhook controllers over the frequency range of interest.

Keywords: magnetorheological elastomer (MRE), MRE-based isolator, seat suspension, adaptive neural network
control, Lyapunov method

INTRODUCTION

Long-term exposure to the low frequency and large amplitude vibrations from car seats can lead
to severe adverse health effects on the drivers (Wilder et al., 1994). Seat suspension isolators
play a critical role in the improvement of ride comfort and mitigation of whole-body vibration
transmitted to the driver (Choi et al., 2001). Generally, the seat suspension isolator systems are
categorized as passive, active, or semi-active systems (Symans and Constantinou, 1999). The seat
suspension systems incorporating a passive control scheme are mainly effective for a narrow
high-frequency range, which has been defined at early stages of design (Deng and Gong, 2008).
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While active isolators demonstrate a considerably better
performance compared to the passive systems, their practical
applications are limited mainly due to their complex control
hardware, high energy consumption, and potential instability
(Yang et al, 2014). Considering this, the semi-active seat
suspension systems, which have the fail-safe features of passive
systems and adaptability of active systems, have received
considerable attention (Du et al., 2011; Nguyen et al,, 2015).

Semi-active isolators featuring smart magnetorheological
(MR) materials can effectively utilize the adjustable viscoelastic
properties to develop the required control forces. This unique
adaptability feature combined with their inherent fail-safe design
and low power requirements makes MR-based isolators attractive
adaptive devices which can attenuate transmitted vibrations in
a wide range of applications. Magnetorheological elastomers
(MREs) are solid analogs of MR fluids which can provide both
variable stiffness and damping under varying applied magnetic
fields. This unique feature can be effectively utilized for the
development of novel and practical semi-active isolators. MREs
consist of micron-sized ferromagnetic particles dispersed into an
elastomeric medium. Thus, they do not encounter the limitations
often posed by MR fluids, such as sedimentation and leakage
(Li et al.,, 2014). Upon application of an external magnetic field,
the magnetic particles attempt to align themselves along the
magnetic field line, which results in an instant change in MRE’s
viscoelastic properties.

While substantial efforts have been made on the development,
characterization, modeling, and design of MRE-based devices
(Kallio et al., 2007; Fu et al., 2016a; Nguyen et al., 2018; Dargahi
et al., 2019a,b), very limited studies have focused on the design
of controllers for MRE-based vibration isolation systems. The
strong non-linearity of MRE-based isolation systems and the
constraint of the applied magnetic density make controller
design highly complicated. In this subject, an ON-OFF or sky-
hook control strategy is the most widely used control strategy
for the vibration attenuation of MRE-based devices, due to
its robustness, simple control law design, and effectiveness in
resonance alleviation (Liao et al., 2012). However, the control
performance of the ON-OFF control is limited mainly due to
the fact that only two control input states (ON- and OFF-state)
can be performed. Fuzzy logic controller, in which the control
law is designed by taking advantage of the expert knowledge, was
also proposed for the MRE-based vibration isolation devices (Fu
et al., 2016a; Nguyen et al., 2018; Gu et al., 2019). The merit
of the fuzzy controller is that it does not require complicated
mathematical modeling. However, its effectiveness relies highly
on the preset fuzzy rules based on expert knowledge. The clipped-
optimal and Lyapunov-based controllers were also proposed for
MRE-based vibration isolation devices (Opie and Yim, 2009; Du
et al., 2011; Behrooz et al., 2014). However, these controllers
require accurate dynamic modeling of the system integrated
with MRE-based devices, which is unavailable in most practical
cases. A neural network-based inverse model has recently been
proposed for the accurate modeling of MRE-based vibration
isolation devices, however, the inverse model obtained from
the off-line training cannot be directly utilized for a real-time
controlled system (Fu et al., 2016b; Gu et al., 2017). In the last few

decades, an adaptive neural network (NN) controller has been
well established in active control areas (Noriega and Wang, 1998;
Ge et al,, 2002; He and Dong, 2018), which may be considered
as a suitable candidate for the control system with a complex
non-linear dynamic, owing to its excellent online approximate
performance. To the best of our knowledge, adaptive NN has
not yet been introduced for MRE-based devices. Moreover, very
few research studies have considered the limit on stroke and
static deformation, as well as the constraint of the imposed
magnetic field density in MRE-based devices, which may occur
in practical implementation.

The present study firstly addresses the development of an
MRE-based seat suspension isolator design considering the
constraints on the magnetic field density, stroke, and static
deformation of the MRE. The MRE samples with 25% volume
fraction of carbonyl iron particles are fabricated and then
characterized using a rotary magneto-rheometer. Secondly, a
novel adaptive NN control scheme is developed to mitigate
the transmitted vibration of the developed MRE-based seat
suspension isolator. The convergence and stability of the
proposed control system are verified using the Lyapunov stability
theory. Finally, the superior performance of the proposed
controller over the passive control and ON-OFF control
is demonstrated.

FABRICATION, CHARACTERIZATION, AND
MODELING OF THE MRE

The MRE samples with 25% volume fraction of magnetic
particles were fabricated in the laboratory at room temperature
using silicon rubber, Ecoflex 0020 — Smooth on, as the matrix and
carbonyl iron particles (CIPs), SQ — grade, acquired from BASF
Corporation. The CIPs and silicone rubber were thoroughly
mixed together for about 5min with the volume ratio of 1:3.
Subsequently, the mixture was placed in a vacuum chamber with
95 kPa pressure less than the air environment for 5 min to
remove air bubbles, and then poured into a mold. The mixture
was then left for 24h at room temperature to be cured. After
that, cylindrical MRE samples with a diameter of 20 mm and a
thickness of 2.0 mm were fabricated.

In the present study, an advanced MRE testing system
equipped with a rotary rheometer (Discovery HR
3, TA Instrument), as shown in Figure 1A, was utilized to
characterize the MRE samples in shear mode. Figure 1B shows
the schematic of the rotational parallel-plate setup with the
magnetorheological accessory. The MRE sample was placed
between the upper and lower geometries and and 10 N axial
preload was applied to assure that no slippage occurs during the
test. The magnetorheology accessory is capable of generating a
uniform and homogeneous magnetic flux density along the axis
of the cylindrical MRE sample, which is basically perpendicular
to the direction of shear motion. The hall probe sensor placed
right beneath the MRE sample provides the measurement of the
flux density and feedback signal for the rheometer’s closed-loop
controller to adjust the applied flux density in a wide range of 0.0
to 1.0 T. It should be noted that all the experimental tests were
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FIGURE 1 | (A) The MRE testing system and (B) schematic diagram of the rotational parallel-plate setup of the rotary rheometer equipped with magnetorheology

Magnetorheology accessoryogy

conducted at a temperature of 20 °C. The measured torque and
angular displacement were processed to obtain the storage and
loss moduli of the MRE.

The hysteresis loop, applied force vs. displacement, results of
the MRE sample under various levels of applied magnetic flux
density are presented in Figure 2. Area inside the hysteresis loop
and its major axis represent equivalent damping and stiffness
of the MRE, respectively, which as expected are increasing as
the applied magnetic field increases. Figure 3 shows the storage
and loss moduli with respect to the excitation frequencies
under various levels of the applied flux density and fixed
shear strain of 15%. Results suggest that storage and loss
moduli highly depend on the value of the applied magnetic
field, while their dependency on the excitation frequency is
not considerable in the frequency range of 1-10Hz. The
dependence of the storage and loss moduli with respect to
the shear strain amplitude (2-30%) under the fixed excitation
frequency of 2.0Hz is presented in Figure4, which clearly
shows that the MRE operating under a higher shear strain
has a smaller MR effect, and that storage and loss moduli
decrease by increasing the strain amplitude. The effect of the
applied magnetic field on the storage and loss moduli with an
excitation frequency of 2HZ and the strain amplitude of 15%
and its corresponding curve fitting results are further investigated
in Figure5. The results clearly show that storage and loss
moduli increase monotonically and considerably by increasing
the applied magnetic flux density, however they are subject to
saturation for magnetic flux density nearly beyond 1.0 T. This
is mainly because the CIPs magnetically saturate as the applied
magnetic flux density reaches 1.0 T. It is noted that storage and
loss moduli vary from 62.2 (KPa) and 13.3 (KPa) at 0T to
235.6 (KPa) and 69.0 (KPa) at 1T, respectively, demonstrating
the relative MR effect of 379 and 519% for storage and loss
moduli, respectively.

Using the experimental data shown in Figure5, a cubic
polynomial function is derived to approximate the variation of
the storage modulus with respect to the applied magnetic flux

15

force (N)

0 2 4 6
displacment (m) «10™
FIGURE 2 | The force with respect to displacement under different levels of
applied magnetic flux density and fixed frequency of 1 Hz.
density as:
/
G=aT+b0T*+caT+d (1)

where G’ and T are the storage modulus in kPa and the applied
magnetic flux density in T, respectively. The constant parameters
a 2343, by 396.7, ¢ 10.94, and d; 63.04
are identified using the least square method. The approximated
function of the loss modulus vs. magnetic flux density is also
derived by using a cubic polynomial function, which can be
described as:

GH =a2T3+b2T2+CzT+d2 (2)

where G is the loss modulus in kPa. Similarly, the constant
parameters a, —103.2, b, 151.1, ¢3 7.79, and
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FIGURE 3 | (A) Storage and (B) loss moduli compared to excitation frequencies under various levels of applied magnetic flux density and fixed shear strain amplitude
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FIGURE 4 | (A) Storage and (B) loss moduli with respect to shear strain amplitudes under various levels of applied magnetic flux density and fixed frequency of 2 Hz.

B
70 T T T
——0.0T ——0.2T 0.4T —&—0.6T
60 [
= 50
o
=
w40
=]
=
8
g 30 [ 1
123
173
S 20t ]
————o
O—e—6—o- o o -0
10+ 7
0 . . . . .
5 10 15 20 25 30

strain amplitude (%)

dy = 13.27 are identified using the least square method. The
results obtained using the models presented in Equations (1)
and (2) are compared with those measured experimentally in
Figure 5.

ANALYTICAL MODELING OF MRE BASED
ADAPTIVE SEAT ISOLATOR

The schematic diagram of the MRE-based seat suspension
isolator operating in shear mode is presented in Figure 6A.
The proposed isolator includes two MRE layers connecting the
seat frame through two permanent magnets to the core base.
The applied magnetic flux density is controlled by varying the
current input to the electromagnet coils and is guided through
the magnetic base into the MRE layers. It is noted that the two
permanent magnets are mounted next to the MRE layers in order

to extend the working range of the magnetic flux density. The
embedded permanent magnets also enhance the stiffness of the
MRE layers in the absence of applied current to the coils, which
subsequently reduces the static deformation of the MREs, due to
the weight of the seat and driver. Moreover, the stoke limit design
is considered for the MRE-based seat isolator to make sure MREs
do not undergo very large deformation.

The schematic diagram of the driver seat equipped with the
proposed MRE-based seat suspension isolator and its equivalent
mechanical system are shown in Figure 6B, in which m, k,
and ¢ represent mass, stiffness, and damping of the elements,
respectively, and the subscripts d, ¢, and s denote the driver,
cushion, and seat frame, respectively. The equivalent stiffness and
damping of the MRE-based isolator are denoted by kyrg and
CMRE> Tespectively. An extra linear spring k; is added in parallel
to the MREs to reduce the static deformation of the MRE layers
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due to the weight of the seat and driver. The dynamics modeling
of the MRE-based seat suspension system can be described as:

mgxs = —cmpre (% — %p) — (kmre + kp) (x5 — xp) — ¢ (s — %)
— ke (x5 — x¢) 3)
meXe = —ce (e — Xs) — ke (xc — x5) — ¢q (ke — X4)
— ka (xc — x4) (4)
MmaXqg = —cq (Xg — Xc) — kg (xg — xc) ©)

Let us define:

Ak
Ac

(6)
)

kmrE — Kimin

CMRE — Cmin

where kyin and cpi, are the equivalent stiffness and damping
of the MRE-based isolator in absence of applied magnetic flux

250 T . .
curve fitting of storage modulus >
¢ real data of storage modulus
200 | curve fitting of storage modulus =
¢ real data of loss modulus

& 150 .
<
12}
3
=]
3 100 1
€
¢ 4
50 1
$
0 . . . .
0 0.2 0.4 0.6 0.8 1
megnetic density(T)

FIGURE 5 | Storage and loss moduli in the presence of varied magnetic flux
density with the fixed frequency of 2 Hz and shear strain amplitude of 15% and
its corresponding curve fitting results.

density, respectively. Ak, Ac are the change in the stiffness
and the damping coefficients due to the applied magnetic field.
Considering the two MREs in the MRE-based isolators, the
equivalent stiffness, kg, and damping, cprg, can be described
as Lietal. (2013) and Yang et al. (2014):

kmre = A ®)
2G'A

CMRE = )
wh

where A and / are the area and thickness of the MRE operating in
shear mode, respectively, and w denotes the excitation frequency
in rad/s. Substituting the Equations (1) and (2) into Equations (8)
and (9), respectively, yields the equivalent stiffness and damping
as a function of applied magnetic flux density as follows:

2A

kMRE = W (a1 T3+ b, T? + ¢, T+ dl) (10)
2A

CMRE = oh (a2T3+b2T2+C2T+d2) (11)

Substituting kyre and cpyre from Equations (6) and (7) into
Equation (3) yields:

msXs + (kmin + kb) (os — xp) + Cmin (X5 — Xp) +¢c (X5 — Xc)
+ ke (%5 — x¢) =fMRE (12)

where fyrg is the generated actuation force induced by MREs in
the presence of the applied field and is described as:
fure = Ak (xp — x5) + Ac (% — %) (13)

Using Equations (1) and (2), and knowing that ki, = %dl and
Cmin = i%dz,fMRE can be obtained as:

2A
fMre = 7 (a1 T? + 01T + 1 T) (xp — x5)
2A 3 ) . .
+ @(@T +b,T +c2T) (%p — Xs) (14)

Seat frame

Permanent magnet

Base MRE sample

Stroke limit

FIGURE 6 | (A) Schematic diagrams of MRE-based seat suspension isolator and (B) the modeling of the MRE-based seat isolation system.

Driver

Cushion
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It can be realized from Equation (14) that the proposed MRE-
based seat suspension isolator has complex non-linear dynamics,
and the actuation force of the MRE can be adjusted by the ratio of
A/h and magnitude of the magnetic flux density generated at the
location of the MREs. It should be noted that by increasing A/h,
the bandwidth of the generated actuation force will also increase.
However, increasing the A or h results in a bulkier and heavier
electromagnet to generate the required uniform magnetic field in
the MREs. In this study, the effective area, A, and thickness, h,
of MREs are selected so that the maximum strain experienced in
MRE:s is limited to 15% while the required magnetic flux density
up to 800 mT can be achieved at the location of MREs with an
applied current of maximum 3 A.

Magnetostatic analysis is also performed to further examine
the capability of the proposed MRE-based isolator to supply
the required magnetic flux density. For this purpose, the

magnetostatic finite element (FE) model of the isolator
is developed using an open-source finite element software
(Meeker, 2020). Figure 7 shows the developed FE model of the
electromagnet and its dimensions. The electromagnet includes
1010 steel core and two coils each contains 1,800 turns of I8AWG
copper wire capable of continuously working under 3.0 A current
input. The electromagnet also includes two neodymium (N52)
permanent magnets (80 x 80 x 5mm) placed next to the MRE
layers to enhance the applied magnetic field and increase the
stiffness of the MREs to reduce the static deformation in the
absence of applied current to the coils. It should be noted that
the relative permeability of the MRE sample with 25% volume
fraction of CIPs is measured as 1.4. The effective area, A, and the
thickness, h, of the MREs are selected based on trial and error
to respect stiffness, stroke limit, and magnetic field requirements
and are found to be 64 cm? and 1.6 cm. The simulation results for

232
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FIGURE 7 | FE magnetic analysis of the MRE-based isolator; (A) FE model and (B) results for 3 A current input to the coils.
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controllers.

TABLE 1 | Magnetic flux density at the center of the MRE layers under different levels of applied current to the coils.

I=-25A I=-2.0A I=-1.0A I1=0.0A I1=1.0A I1=20A I1=3.0A

B=2mT B=95mT B=275mT B =430 mT B =566 mT B =700 mT B =806 mT

the distribution of the magnetic flux density under 3.0 A current  present study, the ideal NN controller output is described as:
input to the coils are presented in Figure 8B. Results show that

the isolator base core properly guides the magnetic field directly Y (2) = Wl e Z) +¢ (15)
through the MRE layers perpendicular to the shear direction. The

magnetic flux density at the center of the MRE layers is evaluated  \yhere v (Z) is the unknown dynamics function to be
and presented in Table 1 for different levels of applied current to
the electromagnets. The results reveal that applying 3.0 A current
to the coils provides over 800 mT magnetic flux density at the
center of MRE layers, while nearly no magnetic field is applied
to the MREs by applying 2.5 A negative current. Moreover, the
permanent magnets are able to apply 430 mT magnetic flux
density to the MRE layers in an off-state situation to prevent
large deformation.

approximated; W = Wy, Wa, ..., W] C R! is the vector of
ideal weights; @ (Z) = [® (Z2);, ® (Z)y, ..., ®(Z);] C R!
is vector of the basic functions; Z denotes the input variable; [ is
the number of the NN nodes; ¢ is the approximation error vector,
which is bounded over the compact set, such that |¢| < &;and € is
a positive constant. In this study, Gaussian radial basic function
@ (Z) is considered, which can be written as:

—(Z - Cp?

Jk=1,2...1 (16)
R} }

P (Z) =exp |:

DEVELOPMENT OF THE ADAPTIVE

CONTROLLER USING NEURAL NETWORK where C, = [C1 C ... Cl] are the centers of the radial basic

(NN) functions and Ry are the width of the radial basic functions. The
estimated weights W can be presented as:

In this section, the NN control law is developed to isolate the

transmitted vibration to the seat under varying base excitations. W=W4+W (17)
The convergence and stability of the proposed control scheme are
subsequently verified using the Lyapunov theory. where W is the error vector of the approximated weights.

NN Control Law Design and Stability
Neural Network Controller Analysis

NN controller is a powerful technique used to address complex ~ The control objective is to attenuate the transmitted vibration to
non-linear systems under uncertainties (Ge et al., 2002). In the  the seat frame and, subsequently, to the driver. Let us choose the
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NN input as:

s = yXs + Pxs (18)
where y and P are positive constants. The proposed control law
is designed as:

furg = x5 = 9 + W (5) (19)
where 7 and ¥ are positive constant. It is worth noting that the
proposed control scheme is model-free. As the accurate dynamic
of the MRE-based isolator is generally unavailable in the real
application, the model-free control strategy would be beneficial

for practical implementation.
The unknown function to be approximated is defined as:

Y = mixs + (kmin + kb) (s — xp) + Cmin (Xs — Xp) +cc (X — Xc)
+ ke (x5 — x¢) (20)

Substituting Equations (20) and (19) along with Equation (17)
into Equation (12), we can obtain:

Y = —tx, — 0k 4+ W @ (s) + W (s) 1)

Then substituting Equation (15) into Equation (21), we
may write:

TXs = wle (s) — & — Vxs (22)

In the following, Lyapunov theory has been utilized to prove the
convergence and stability of the proposed control scheme. The
first Lyapunov function candidate may be selected as:

|
V)= quleW (23)

where ¢ is a positive constant. Taking the derivative of the first
Lyapunov function yields:

Vi=¢ 'WI'Ww (24)
The updated law is proposed as:
W = — (xS(D (s) + UW) (25)

where o is a positive constant. Substituting the proposed updated
law along with Equation (17) into Equation (24), yields:

Vi=—xWTo (s) — oWTWw (26)

o

W (W W) = —W W-w"

= an
%(VVTW + WTW), then we have —W TW

w
W. Thus, an inequality can be established as:

. ~ g -~ ~ O ——T——
Vi< —x, W e (s) — EWTWJr EWTW (27)

Choosing the second Lyapunov function as:

V, = %z}xf (28)
and taking its derivative:
Vy = s (29)
and then substitute Equation (22) into Equation (29) yields:
Vy = x4 (WT<D (s) —e— sz) (30)

Finally, combining the above two Lyapunov functions, we
can write:

V=Vi+V, (31)
Taking derivative of the above Lyapunov function, and
considering inequality in Equations (27) and (30), it can be
shown that:

Vs s Wew - TWIW W W

+ox (Vqub (5) — e — ‘L’xs) (32)

The above equation can be simplified as:

V< —%WTW—F %WTW—xss — 1
-~ 1 1 o~
< %WTW+ EWTW+ Sel @ —od = —ZWIW
1\ , T— 1,

where p and @ are defined as:

p = min (¢o, 2t — )9 ?) (34)

— 77— 1
- %WTW+5§2 (35)

Choosing 7 > % to make sure p > 0, then multiplying Equation
(33) by e, we can obtain:

d
= (Ve"t) < we (36)
Integrating Equation (36), yields:
T\ _, @ ()
V|l VO ——)e"+—<VO)+— (37)
o o o
Using Equations (23), (28), and (37), we have the
followings identities:
1 o~
S WIW < v+ Z (38)
2 o
1
St v+ 2 (39)
2 o
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QW: =W e R [W] < V/pa) (40)

Qxs:= 1% € Rl |xs| = \/f} (41)
w

o=2 (V 0) + ;) (42)

Hence, in the closed-loop system, W and x; remain in the
compact set QW and Qux;, respectively. Considering above, the
following theorem can be stated:

Theorem 1: For the governing equation given in Equations
(3)-(5), with the control law and update law provided in
Equations (19) and (25), respectively, and given that the initial
states of the isolation system are bounded and the displacement
and velocity of the isolator can be obtained accurately, it can be
concluded that the isolator system using the proposed control
scheme is semi-global uniformly bounded, which will eventually
converge to the original position by appropriately choosing the
control parameters.

Proposed Adaptive Neural Network Controller

Using the proposed control scheme and considering that the
current of 3.0 A can reach to the maximum applied magnetic flux
density (Tmax = 806 mT) and the current of —2.5 A can reach
to the minimum applied magnetic flux density (Tnin = 2 mT),
as provided in Table 1, the actuation force induced by the MREs
can be described as:

fMRE =

—1xs — 0%+ WL (s) Tmin < Test < Tmax
0 Test < Tmin
(43)

(kmax - kmin) (xb - xs) + (¢max — Cmin) (xb - 5‘5) Test > Tmax }

where T is obtained from Equation (14). The control
parameters v and ¢ are identified as 10 and 2, respectively,
and the control parameters y and B in Equation (18) are
chosen as 4 and 1, respectively. The centers of the nodes are
evenly distributed in [—0.5, 0.5] and the width of the centers

Ry is fixed at 2. The initial weights are chosen as zero. The
parameters ¢ and o in the updated law are chosen as 2,000
and 0.1, respectively. Two hundred nodes are used for the
NN approximation. Note that the provided control parameters
comply with the control law design and stability analysis
described in section Development of the Adaptive Controller
Using Neural Network (NN), and a trial and error method is
adopted to select the control parameters to achieve satisfactory
control performance.

Sky-Hook Controller

In order to evaluate the effectiveness of the proposed control
scheme, its performance is compared with those of the two
most widely used vibration isolation control approaches, namely
passive control and sky-hook control strategies. In the case
of passive control, the MRE-based isolator operates in an
OFF- or ON-state in which the applied magnetic flux density
is set to its minimum (0.0T) or maximum (0.8T) values.
From Equation (13), it is clear that in passive control, the
stifiness and damping of the MRE-based isolator are constant
and the actuation force of a passive system is zero. In
sky-hook control, the actuation force is generally described
as Gu et al. (2019):

fMRE =
(kmax - kmin) (xb - xs) + (Cmax — Cmin) (’.Cb - 555) (555 - 5%) X =20
0 (des — %p) s <0

(44)

RESULTS AND DISCUSSIONS

The parameters of the MRE-based seat suspension system are
provided in Table S1. The parameter values for the mass of
the seat and mass, stiffness, and damping of the cushion and
driver for the model shown in Figure 6B are obtained from
Xu et al. (2018) and Choi and Han (2007). It should be noted
that an additional linear spring with spring coefficient of k;,
is added in parallel to the MRE isolator in order to limit the

magnetic density (T)

force (N)
o

force (
o

0 1 2 3 4
time(s)

FIGURE 9 | The control input to the MRE-based isolator for harmonic excitation; (A) ON-OFF controller, and (B) adaptive NN controller.

magnetic density (T)

time (s)

0 1 2 3 4
time (s)
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static deformation of the MREs, and two cuboid MREs operating
in shear mode with the effective area of A = 64 cm? and
the thickness of h 1.6 cm are considered. In addition, a
stroke amplitude limit of 5 mm, as shown in Figure 6, has been
considered. Thus, we can write:

—5 (mm) < xs — xp < 5 (mm) (45)
In the following, the effectiveness of the proposed control is
demonstrated under different types of base excitations.

Harmonic Excitation

The performance of the proposed controller is investigated
under harmonic excitation. The simulation is conducted in
the frequency range of 0.5 to 5Hz, which is the typical
frequency range of a vehicle seat suspension system. Five
cycles with a constant amplitude of 5mm are considered
for each excitation frequency. The Root-Mean-Square (RMS)
values of the displacement and acceleration with respect to
frequencies are shown in Figures 8A,B, respectively. Results
clearly show the superior vibration isolation capability of
the proposed adaptive NN controller over the various fixed

TABLE 2 | Comparison of the performance of various control schemes under
harmonic excitation, bump shock, and random excitation.

levels of applied magnetic flux density (passive control) and
On-Off sky-hook controller. The control output using On-
Off and the adaptive NN controller are also provided in
Figures 9A,B, respectively. As it can be realized, the high-
speed control input switching, which may cause high energy
loss in the electrical system, occurs using the On-Off control
strategy. The RMS value of the displacement, acceleration, and
transmissibility at the resonance frequency are provided in
Table 2. Results clearly demonstrate the prominent vibration
isolation ability of the proposed control scheme at the
resonance frequency compared with passive control and On-Off
control strategies.

Bump Shock

In this section, the performance of the adaptive NN controller
on the transient response of the designed MRE-based seat
suspension isolator is evaluated using the bump shock excitation
described as:

(1—cos(wym)) ho 6 <t< 8
Xp = 2 WoeT T Mo g (46)
0 t<gyort >
where iy = 0.01 m denotes the height of the bump shock

transferred to the seat and w, = 20 is a constant determining
the width of the bump. The displacement responses of the
seat suspension system to the bump shock using OFF and
ON states passive control, on-off skyhook control, and the

RMS value OFF-State ON-State ON-OFF NN . . . . .
0.0T) (0.8T) proposed adaptive NN strategies are provided in Figures S1A-D,
respectively. The displacement and acceleration responses of the
Harmonic Displacement (cm) 217 1.98 183 166  drivers mass to the bump shock using the proposed control
excitation r nd i mparison with ive off/on an -h
Acceleration (m/s?) 3.60 3.84 3.28 3.06 st a:egif :’ (ti t's 0 P; 50 _wlz, pass II((;AOB/O 2 dt‘Ski, '(liﬁk
ntrol strategies ar n in Figur r ively.
Transmissibility 6.13 5.63 517 a7  COTITOlstrategies are show gures ZDA,D, respectively. The
, performance comparison results of various control schemes
Bump shock  Displacement (mm) 6.00 6.14 5.74 419 A .
, under the bump shock using the max peak of displacement and
Acceleration (m/s?) 2.28 2.20 2.18 2.06 . N .
, acceleration values are also listed in Table 2. Results clearly show
Random Displacement (mm) 8.7 9.4 7.6 6.3 . .
excitation the superior performance of the proposed adaptive NN control
Acceleration (m/s?)  1.45 1.83 122 106 scheme compared with other control strategies in reducing
A B
3
10 219 : : ; ; 25 , , , ,
—0.0T —0.0T
——0.8T 2r ——0.8T
—— ON-OFF sl —— ON-OFF| |
——NN ’ ——NN
E 5 1 %
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FIGURE 10 | (A) Displacement, and (B) acceleration of the human body (x4) for bump shock input in the presence of various controllers.
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FIGURE 11 | The control input to the MRE-based isolator for bump shock; (A) ON-OFF controller, and (B) adaptive NN controller.
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FIGURE 12 | (A) Displacement, and (B) acceleration of the human body (xy) for a random excitation case in the presence of various controllers.

both displacement and acceleration. The corresponding control
output of the ON-OFF control strategy and the adaptive NN
controller are also presented in Figures 11A,B, respectively.
As it can be realized from Figure 11A, after transient bump
duration, the ON-OFF control output is basically equivalent to
ON state passive control. This is because the ON-OFF control
law is based on the relative velocity between the base and
seat frame as well as the velocity of the seat frame. Once the
base excitation approaches zero, the control output is set to its
maximum value. However, as shown in Figure 11B, the adaptive
NN control, which possesses the self-learning ability, shows a
variation on the control input based on its control law and
update law. Considering that the applied magnetic field to the
MRE layers is limited between 0.0 to 0.8 T, the control output
and, consequently, the actuation force induced by MREs in the
presence of the applied field vary between the minimum and
maximum values.

Random Excitation

In this case, the random excitation is provided to further
investigate the control performance of various control schemes.
The displacement responses of the designed seat suspension
system under random excitation using OFF and ON states
passive control, on-off skyhook control, and the proposed
adaptive NN strategies under the random excitation are
provided in Figures S2A-D, respectively. As it can be seen,
the developed MRE-based isolator can efficiently suppress the
random excitation due to the road profile, and the proposed
adaptive NN controller presents better performance compared
with passive and on-off control strategies. The prominent
performance of the developed controller can also be further
verified in Figure 12, in which the displacement and acceleration
response of the driver mass obtained using the proposed
controller compared with those of the passive OFF/ON and sky-
hook control strategies. The RMS values of the displacement and
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FIGURE 13 | The control input to the MRE-based isolator for random excitation; (A) ON-OFF controller, and (B) adaptive NN controller.

force (N)

acceleration of the driver mass are also provided in Table 2. The
results show that the proposed control scheme can reduce the
transmitted vibration to a greater extent than passive and On-Off
sky-hook controllers under the random road profile. Comparing
the corresponding control outputs of the sky-hook and adaptive
NN controllers in Figure 13 also shows the effectiveness of the
adaptive NN controller in reducing the required control force
and, subsequently, decreasing the consumed energy.

CONCLUSION

In this study, MRE samples with 25% volume fraction of
carbonyl iron particles were fabricated and then experimentally
characterized to evaluate their viscoelastic properties and their
variation with respect to the applied magnetic field. An MRE-
based seat suspension isolator has been developed considering
the constraints on the applied magnetic flux density, stroke
limit, damping effect, and static deformation. Adaptive NN
control was proposed for the MRE-based seat suspension
isolator to alleviate unwanted vibration. The stability and
convergence of the proposed control scheme were proven using
the Lyapunov method. The superior control performance of
the proposed control scheme has then been verified under
various base excitation profiles through the comparison with
passive control and On-Off control strategies. Results suggest
the superior performance of the proposed adaptive NN-based
control strategy.
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Inerter is a two-terminal mass element, and the applied force is proportional to
the relative acceleration between the terminals. According to the second class of
mechanical-electrical analogy, the inerter corresponds exactly to the capacitor in the
electric network. Aiming at improving the limited vibration isolation performance using
the constant inertance of a conventional inerter, a new semi-active inerter based on
smart material, magnetorheological (MR) fluid, is proposed in this paper. Furthermore,
according to the design concept of “functional integration”, the MR inerter, an MR
damper, and a spiral spring are integrated to realize a new integrated inerter-spring-
damper (IISD) with both adjustable inertance and damping characteristics. The MR
inerter consists of a ball screw, an MR clutch, MR fluid, excitation coils, an excitation
shell, a flywheel, a flywheel shell, a connector, upper and lower covers, bearings,
and seals. The tunable inertance is achieved by adjusting the excitation current in
the excitation coils to change the operating state of the MR clutch. The MR damper
and the spiral spring provide variable damping and constant stiffness, respectively. The
mathematical model of the IISD is established. The adjustment principle of inertance is
verified by numerical simulation, and the mechanical output characteristics of the IISD
are analyzed. Besides that, the 1/4 vehicle suspension model based on the proposed
IISD is built by using MATLAB/SimMechanics. The frequency response and the unit
impulse response characteristics of the suspension are obtained via the comfort-
oriented virtual experiment. The simulation results show that the suspension with the
[ISD has 23.0% higher performance than the conventional suspension in vehicle body
acceleration, and the suspension deflection and the dynamic tire load are also improved.

Keywords: tunable inertance, magnetorheological fluid, MR inerter, ISD suspension, functional integration

INTRODUCTION

According to the first class of mechanical-electrical analogy, the mass, spring, and damper in
the mechanical network correspond to the capacitor, inductance, and resistance in the electric
network, respectively. Meanwhile, Newton’s Second Law states that the applied force is proportional
to the absolute acceleration of mass, i.e., mechanical grounded. Therefore, the mass can only
correspond to the grounded capacitor, which greatly limits the application of the method applied to
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electrical circuits in a mechanical network design. In response
to the above problem, in 2002, a new mass element termed
“inerter” was introduced by Smith (2002) according to the
second class of mechanical-electrical analogy, which completely
corresponds to the capacitor in an electrical network. The
inerter has two movable terminals, and the applied force is
proportional to the relative acceleration between its terminals.
There is no longer a “ground” limitation during the mechanical
network design by using the electric method, which greatly
enriches the structure and the design ideas of the mechanical
network. The performance of vibration control systems based
on inerter is further improved compared to the mass-spring—
damper system. At the same time, the inerter has smaller
volume and weight than the traditional mass element. Therefore,
the inerter has received extensive attention from researchers
in different fields (Smith and Wang, 2004; Papageorgiou and
Smith, 2006; Chen et al., 2009; Papageorgiou et al., 2009;
Brzeski et al., 2015; Matamoros-Sanchez and Goodall, 2015;
Giaralis and Petrini, 2017).

The vibration isolation performance of the passive inerter
is limited because of the fixed inertance. Different types
of semi-active inerter have been introduced recently. Hu
et al. (2016) proposed a mechanical adjustable inerter that
is mainly composed of mass blocks sliding along the radial
direction and a linear actuator. The linear actuator can
change the radius of gyration of the mass, that is, continuous
adjustment of the inertance can be achieved by changing the
rotational inertia of the flywheel. The use of magnetorheological
(MR) fluid to achieve an adjustable inerter has also been
preliminarily studied. Tipuric et al. (2018) studied the feasibility
of a spiral-tube semi-active inerter based on MR fluid. Bai
et al. (2018) extended a semi-active inerter concept using
MR fluid, while its feasibility has not been verified. We
later proposed a tunable inerter based on MR fluid (Zhong
et al, 2019); however, an additional force compensation
mechanism is needed to achieve a continuous adjustment
of the inertance.

Although the inertance of the existing semi-active inerters
can be adjusted by different ways, there is still potential to
improve the adjustment speed and extend the range of inertance.
A tunable inerter with a wide adjustment range, fast response,
and low energy consumption needs to be developed. In the
field of semi-active control, MR fluid has exactly the above
properties. At present, the intelligent actuators based on MR
fluid have been thoroughly studied in many fields (Imaduddin
et al., 2013; Kaluvan et al., 2015; Bai et al., 2016; Sapifiski
et al,, 2016; Shiao et al, 2016). Nevertheless, applying the
MR fluid to semi-active inerter and inerter-spring-damper
(ISD) vibration isolation systems it is still preliminary. Based
on the concept of “functional integration” (Bai et al.,, 2017),
this paper proposes an adjustable inerter. The MR inerter,
an MR damper, and a spiral spring are highly integrated to
realize the integrated ISD (IISD) with a compact structure,
quick response, and wide adjustment range. Besides that, the
1/4 vehicle suspension model with the IISD is built by using
MATLAB/SimMechanics, and virtual experiment was carried out
to validate the performance.

FIGURE 1 | Schematic of the integrated inerter-spring-damper.

STRUCTURAL PRINCIPLE OF THE IISD
Integrated Design

The connection between the MR inerter, MR damper, and
spiral spring should be considered during the integrated design
procedure. The integrated layout of the IISD is demonstrated
in Figure 1. The spiral spring acts as a support, and the inerter
in series with the damper can provide better performance than
that of the parallel form (Smith and Wang, 2004). The MR
inerter and the MR damper have a common terminal, and the
other two terminals are connected to the ends of the spiral
spring, respectively. The spring in parallel with the MR damper
in Figure 1 refers to the accumulator inside the MR damper (see
Figure 3).

MR Inerter

The structural principle of the MR inerter is shown in Figure 2.
The MR inerter consists of a ball screw, an MR clutch, MR fluid,
excitation coils, an excitation shell, a flywheel, a flywheel shell,
a connector, upper and lower covers, bearings, and seals. The
inner casing of the MR clutch is connected to the nut of the ball
screw. The outer casing of the MR clutch is engaged with the
flywheel, and the excitation coils are winded on the excitation
shell around the MR clutch. The space between the inner and the
outer casings of the MR clutch is filled with MR fluid, which is
working under pure shear mode. When a displacement excitation
is applied to the terminals of the MR inerter, the inner casing of
the MR clutch rotates with the nut of the ball screw. When there is
no current in the excitation coils, the outer and the inner casing of
the MR clutch are completely disconnected, and the output force
of the MR inerter is independent of the flywheel. When a certain
current is applied, the rotating inner casing of the MR clutch
will rotate the outer casing for the effect of the MR fluid, i.e.,
rotate the flywheel. The nut on the ball screw receives additional
torque from the flywheel due to the effect of the additional
mass, and additional inertance can be provided. The complete
disengagement and engagement of the MR clutch correspond to
the minimal and the maximal inertance, respectively.
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FIGURE 3 | Structural principle of the magnetorheological damper.

MR Damper

Figure 3 demonstrates the structural principle of the MR damper.
The MR damper mainly includes a piston, a piston rod, excitation
coils, MR fluid, an accumulator, a piston shell, a cover, copper
rings, and a seal. The viscosity of the MR fluid can be changed by
adjusting the current in the excitation coils; thereby, the damping
coeflicient of the MR damper can be adjusted.

FIGURE 4 | Mechanical model of the integrated inerter-spring-damper.

MATHEMATICAL MODEL OF THE IISD

As shown in Figure 4, the output force of the IISD is related
to four factors, i.e., the spring stiffness k, the inertance b of the
MR inerter, the damping coeflicient ¢ of the MR damper, and
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FIGURE 5 | Simplified model of the magnetorheological clutch.

the accumulator stiffness k,. Since the MR inerter is connected in
series with the MR damper, and the accumulator is connected in
parallel with the MR damper, the output force of the MR inerter
is equal to the sum of the output forces of the MR damper and
the accumulator, and then the output force of the IISD can be
expressed as:

F=k(Z) — Z3) + ka(Z1 — Z3) + c(Z1 — Z3)
=Kk(Z1 — Z3) + b(Z2 — Z3) (1)

where Z; and Z3 are the displacement at the terminals of the spiral
spring, Z, is the displacement at the junction of the MR damper

and the MR inerter, Z; and Z, are the velocity at the terminals
of the MR damper, and Zz and 23 are the acceleration at the
terminals of the MR inerter.

The proposed MR inerter is designed based on ball-screw type
and its inertance b can be expressed as (Wang and Chan, 2008):

2
beJ (2—”) @)
p

where J is the moment of inertia of the flywheel and p is the lead
of the ball-screw.

According to the principle analysis of the MR inerter, the
completely disengaged and engaged states of the MR clutch
corresponding to the minimal and the maximal inertance,
respectively, can be expressed as:

bmin = 1 (27]1)2

b = U+ 12) (%)’ Y

where J; is the moment of inertia of the inner casing of the MR
clutch and J, is the sum of the moments of inertia of the outer
casing of the MR clutch and the flywheel.

It can be seen from Eq. (3) that the minimal and the
maximal inertances of the MR inerter are only dependent on the
parameters of the structure itself. So, the adjustment range of the
inertance is determined by the geometry of the structure. The
inertance between the minimal and the maximal can be obtained
by controlling the MR clutch.

Figure 5 shows a simplified model of the MR clutch. The
angular velocity of the inner and the outer casings of the MR

clutch is w; and w;, respectively. Under an ideal condition (i.e.,
the MR clutch can be completely disengaged and engaged), the
relationship between the angular velocities of the inner and the
outer casings of the MR clutch corresponding to the minimal

inertance is % = 0. The relationship of the maximal inertance
refers to =2 = 1. Any intertance between the minimal and the

maximal can be reached by setting the ratio of the outer casing to
the inner casing angular velocity of the MR clutch between 0 and
1. Since the angular velocity of the inner casing of the MR clutch
is generated by external excitation, the problem of adjusting the
inertance is actually transformed into the control of the angular
velocity of the outer casing.

The output force F; of the MR inerter depends on the torque
applied on the nut of the ball-screw. The torque consists of two
parts, i.e., the torque generated by the inner casing of the MR
clutch and the additional torque generated by the rotation of the
flywheel, which can be expressed as:

F=T (21) (4)
P

T = 1w, + o, (5)

where ‘”/1 is the angular acceleration of the inner casing of the MR
clutch and w’2 is the angular acceleration of the outer casing of the
MR clutch, i.e., the angular acceleration of the flywheel.

Defining y = 22 then Eq. (5) can be rewritten as:

Wy

T = (J; +vh)o, (6)

The inertance can be obtained simultaneously from Eqs (1, 4,
and 6), and co/l =(Z— 23)(27”):

2
b= U1 + ) (%‘) 7)

From Eq. (7), any inertance between the minimal and
the maximal can be achieved by adjusting the proportional
coefficient y .

The torque Tyr transmitted by the MR clutch equals to the
additional torque T, acting on the nut of the ball-screw, which
consists of two parts: one is the uncontrollable torque T, caused
by the viscous force due to the different angular velocity between
the inner and the outer casings of the MR clutch, and the other
one is the controllable torque Ty caused by the shear stress under
the effect of the magnetic field. They can be respectively expressed
as:

Tvr = Tn + T (861)
4JTT]LCT’%T’§((1)2 — o)
Ty = 5 (8b)
n=n
4mtyLr?r2n(2)
t:—y2c122 n (8¢)

=

where 1 is the viscosity of the MR fluid without magnetic field, L.
is the effective length of the MR fluid in the MR clutch, r; and r,
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are the inner and the outer radius of the annular gap filled with
the MR fluid, respectively, and 1y is the yield shear stress of the
MR fluid under the effect of the magnetic field.

Replacing the Tyr in Eq. (8a) with the load torque Tt, the
angular velocity of the outer casing of the MR clutch can be
obtained:

o - B 4nrchrfr§1n(%)
®2= @ 4rtnLcrfr§ |: k r% — rf Ty ©)
NUMERICAL SIMULATION

Table A1 presents a list of the main structural parameters of
IISD. According to the parameters in Table A1, under an ideal
situation, the adjustment range of the inertance that can be
realized by the MR inerter is shown in Figure 6. The minimal
inertance is 86 kg and the maximal inertance is 927 kg. In the

process of the change of the proportional coefficient y from 0 to
1, the inertance experiences a proportional increase.

Although the adjustment range and change trend of inertance
can be observed under an ideal situation, the actual torque of the
MR clutch and whether continuous adjustment can be achieved
are not known. In order to further verify the adjustment principle
of the inertance, a simulation is performed by applying a certain
displacement excitation to the MR inerter. The displacement
excitation has an amplitude of 20 mm and a frequency of 0.5 Hz.
The simulation condition is set as adjusting the inertance from
the minimal to the maximal within 0.5 s to observe the changes of
the expected additional torque T, the uncontrollable torque Ty,
and the controllable torque T;. The simulation results are shown
in Figure 7.

It can be seen from Figure 7 that, as the inertance increases,
the expected additional torque is continuously increased from
0 Nm to about 0.26 Nm. During the increase of the inertance,
the rotational velocity of the inner and the outer casings of the
MR clutch is gradually getting close until eventually synchronous;
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FIGURE 9 | Output characteristics of the magnetorheological inerter under different gap widths: (A) force and (B) inertance.

the uncontrollable torque T is gradually reduced from about expected additional torque T. and finally increases to about
0.22 to 0 Nm. The controllable torque T; is 0 Nm before 0.26 Nm. The process of adjusting the inertance is actually
the inertance of 486 kg, after which it gradually fits with the the process of controlling the torque generated by the MR
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clutch to track the expected additional torque. Since the torque
generated by the MR clutch contains uncontrollable torque, when
the expected additional torque is less than the uncontrollable
torque, the MR clutch can no longer provide less torque,
i.e., the expected additional torque cannot be tracked. In this

situation, the expected additional torque can only be replaced
by the uncontrollable torque. The range of which the expected
additional torque is less than the uncontrollable torque is defined
as the “dead zone”. Therefore, the controllable torque of 0 Nm
in Figure 7 is explained. When the expected additional torque is
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FIGURE 10 | Force—displacement characteristics of the integrated
inerter-spring-damper: (A) different inertances and (B) different damping
coefficients.
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greater than the uncontrollable torque, a controllable torque will
be generated to compensate for the difference between them so
that the torque produced by the MR clutch can reach the expected
additional torque.

The existence of the dead zone reduces the adjustment range of
the inertance. Although the dead zone is unavoidable due to the
existence of uncontrollable torque, its interval can be shortened.
Observing Equation (8b), it can be seen that, when the gap
width of the MR clutch casings AL = r, — r; is increased, the
uncontrollable torque will decrease. Therefore, the range of the
dead zone can be reduced by changing the structural parameters
of the MR clutch. The gap widths of the MR clutch casings are
selected as AL; = 1 mm, AL, =5 mm, and AL; = 10 mm as
simulation parameters, and the simulation results are shown in
Figure 8.

As shown in Figure 8A, as the gap width increases, the
uncontrollable torque decreases significantly, and the dead zone
is obviously shortened. Observing Figure 8B, the controllable
torque becomes closer to the expected additional torque
throughout the adjustment range as the gap width increases. This
demonstrates that the increasing gap width can effectively reduce
the influence of the dead zone and improve the adjustment
performance of the inertance.

Figure 9 shows the variation trends and ranges of the output
force and the inertance of the MR inerter under different gap
widths of the MR clutch. It can be seen from Figure 9 that, similar
to the controllable torque, the output force and the inertance are
getting closer to the expected output force F. and the expected
inertance be, respectively, as the gap width increases.

In order to investigate the influence of different inertances and
damping coeflicients on the mechanical output characteristics of
the IISD, sinusoidal displacement excitations, with an amplitude
of 20 mm and a frequency of 1.0 Hz, are set as simulation
parameters. The values of the inertance and the damping
coefficient are uniformly selected from 200-800 kg and 1,000-
7,000 N-s/m, respectively. The force-displacement characteristics
and the force-velocity characteristics under different inertances
(the damping coefficients are all 5,000 N-s/m) and damping
coefficients (the inertances are all 200 kg) are shown in
Figures 10, 11, respectively.

As shown in Figure 10A, as the inertance increases, an
obvious phase change of the output force of the IISD can be
observed, and the value of the output force is increasing overall.
In contrast, Figure 10B shows that different damping coefficients
have less influence on the phase of the output force. Especially
when the damping coeflicient exceeds 5,000 N-s/m, the phase
of the output force hardly changes. However, the larger the
damping coeflicient, the closer the ISD is to the linear device.
A consistent conclusion can be obtained from the force-velocity
characteristics shown in Figures 11A,B.

VIRTUAL EXPERIMENT OF 1/4 VEHICLE
SUSPENSION WITH IISD

The 1/4 vehicle suspension with the IISD is built and virtually
tested by wusing the software MATLAB/SimMechanics.
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FIGURE 13 | Frequency response of the 1/4 vehicle suspension: (A) vehicle
body acceleration, (B) suspension deflection, and (C) dynamic tire load.

The mechanical components are assembled into a 1/4
vehicle suspension by establishing a mutual position
and connection relationship between each component in
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MATLAB/SimMechanics. The working status of the specific
components can be detected in real time, such as displacement,
velocity, acceleration, and force. The virtual experimental
system is demonstrated in Figure A1, and the specific structural
parameters are listed in Tables A1, A2 in the Appendix.

For the performance of semi-active suspension based on both
tunable inertance and damping, the key factor is the selection
of inertance and damping coeflicient. Here the parameter
optimization of the semi-active suspension is comfort-oriented,
that is to say, the optimal inertance and the optimal damping
coefficient should minimize the vehicle body acceleration. Since
the minimal and the maximal inertance of the MR inerter are
determined by the moment of inertia of the inner casing of
the MR clutch and the flywheel, respectively, the adjustment
range of the inertance can be expanded by the structural design.
Similarly, the structural parameters of the MR damper determine
the adjustment range of the damping coefficient. In order to
observe the performance of the IISD under a large range of
inertance and damping coefficient as well as provide reference for
the structural design of MR inerter and MR damper, the inertance
is selected between 0 and 5,000 kg and the damping coefficient is
limited to 0-5000 N-s/m during the parameter optimization. The
excitation conditions here are sinusoidal displacement signals
with different frequencies. The optimization process is carried
out by the MATLAB optimization toolbox and the result is shown
in Figure 12.

The MR inerter controller is an adjustment module for
the inertance, and selects the optimal inertance based on the
excitation frequency. Similarly, the MR damper controller selects
the optimal damping coeflicient because this study uses a
numerical simulation method, that is, the optimal inertance and
the damping coeflicient are obtained by sinusoidal displacement
excitation at different frequencies. Therefore, the MR inerter and
the MR damper controller here are not complicated. The MR
inerter and the MR damper controller can be regarded as the
correspondence between the optimal inertance and the damping

coefficient and the excitation frequency, as shown in Eqs (10, 11),
respectively.

bopt = 1020f. 2 (10)

Copt = 4876~ (= 1LO2N/105D7 1 4g050=(e=19.53)/7.669)*

_H19967(;;713.16)/2.441)2 + 811.567(;;711.13)/1.011)2 (11)
where bopt, Copt> and fe are optimal inertance, optimal damping
coefficient, and excitation frequency, respectively.

In reality, the road excitation is unknown, and a method
that identifies the frequency of excitation is needed. For the
unsteady signal like road excitation, the commonly used methods
include short-time Fourier transform and wavelet analysis. The
performance of controllers, which outputs the optimal control
parameters based on road excitation, will be tested in subsequent
experimental studies.

Based on the optimal inertance and the optimal damping
coeflicient, the frequency response characteristics of the vehicle
body acceleration, the suspension deflection, and the dynamic
tire load are obtained as shown in Figure 13. Moreover, as
likewise shown in Figure 13A, the vehicle body acceleration of
the semi-active suspension has two peaks, which appear at 1.5
and 11 Hz, respectively. The frequency of 1.5 Hz is the first-
order natural frequency of the suspension (i.e., the vehicle body
resonance frequency), and the amplitude of the sprung mass at
this frequency is much larger than the amplitude of the unsprung
mass. The frequency of 11 Hz is the second-order natural
frequency of the suspension (i.e., the tire resonance frequency).
At this frequency, the amplitude of the unsprung mass is much
larger than the amplitude of the sprung mass. As a result, vehicle
body acceleration peaks at these two frequencies. The amplitude
of the first-order natural frequency decreases significantly due to
the large inertance. The amplitude of the second-order natural

Frontiers in Materials | www.frontiersin.org

July 2020 | Volume 7 | Article 204


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/
https://www.frontiersin.org/journals/materials#articles

Zhong et al.

Integrated Semi-Active Inerter

-
(&)

-
o

Semi-active suspension
— — Conventional suspension

Vehicle body acceleration (m/sz) s
(6]

0 R —
_5 1 1 1
0 1 2 3 4
Time (s)
B
<
E 40 T T T
FEIIFAR |
-2 =z T~ J—
g off ST
© 200/ ]
o
[ i
.0 =40 Semi-active suspension
[ 1S . R |
5 -60 — — Conventional suspension
§- _80 1 1 1
& 0 1 . 2 3 4
Time (s)
(o
é 3 _$\O\ |
© =~
0o =
3 v
g :
Q
e -6 Semi-active suspension |
g — — Conventional suspension
> -9 i 1 1 1 ]
[m)
0 1 2 3 4
Time (s)

FIGURE 15 | Unit impulse response of the 1/4 vehicle suspension: (A) vehicle body acceleration, (B) suspension deflection, and (C) dynamic tire load.

frequency is mainly related to the suspension parameters, which
can be decreased by reducing the unsprung mass. It can be
observed from Figures 13B,C that the suspension deflection is
slightly decreased in the whole range of frequency, while the
dynamic tire load is slightly deteriorated during 2-8 Hz.

Figure 14 demonstrates the root mean square values for
the different performances of the conventional suspension and
the semi-active suspension. The simulation results show that
the performance of the vehicle body acceleration of the semi-
active suspension is significantly improved, which was by 23.0%

compared with the conventional suspension. The performance of
the suspension deflection and the dynamic tire load are slightly
improved (0.8 and 1.1%, respectively), which is consistent with
the comfort-oriented optimization goal.

The unit impulse responses of semi-active and conventional
suspensions are shown in Figure 15. It can be seen from
Figure 15A that, at the very beginning of the impulse response,
the vehicle body acceleration of the semi-active suspension is
slightly greater than that of the conventional suspension. This
is because the impulse is an excitation generated in a very short
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time, which is equivalent to a very high frequency excitation,
and this requires that the inertance must be very small. Due
to the mass of the inerter flywheel, the inertance cannot be
reduced indefinitely, so it is slightly deteriorated in the case
of extremely high frequencies (i.e., the very beginning of the
impulse response). The vehicle body acceleration of the semi-
active suspension quickly stabilized in the subsequent period,
while the conventional suspension lasted for a while.

As shown in Figure 15B, the suspension deflection
performance of the semi-active suspension is significantly better
than that of the conventional suspension, and the amplitude and
the attenuation speed are both significantly improved compared
to the conventional suspension. As shown in Figure 15C,
the dynamic tire load of the semi-active suspension is almost
equivalent to that of the conventional suspension and has a slight
advantage in attenuation speed.

CONCLUSION

In this paper, an adjustable inerter based on MR fluid—MR
inerter, and its adjustment principle of inertance were proposed.
Based on the design concept of “functional integration”, the MR
inerter, MR damper, and spiral spring were highly integrated to
realize a new IISD with both tunable inertance and damping. The
MR inerter is mainly composed of an MR clutch, a ball screw,
a flywheel, excitation coils, and MR fluid. The mathematical
model of the IISD was established, and the adjustment principle
of the inertance was verified by numerical simulation. The
mechanical output characteristics of the IISD under different
inertance and damping coefficients were analyzed. Finally, a
1/4-vehicle suspension model with the IISD was established by
using MATLAB/SimMechanics, and a virtual comfort-oriented
experiment was carried out. The concluding remarks are
summarized as follows:

1. The adjustment of inertance based on the MR fluid,
which has the advantages of rapid response, low energy
consumption, and wide adjustment range, ie., the
inertance can be tuned from 86 to 927 kg.

2. The functional integration concept makes the IISD realize
a combination of both tunable inertance and damping
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APPENDIX

According to the structural parameters of the integrated inerter-spring-damper (IISD) listed in Table A1, a 1/4 vehicle suspension
model with the IISD is established in MATLAB/SimMechanics, as shown in Figure Al, and the suspension parameters are
listed in Table A2.

A
B
MR Inerter
Controller
MR Damper
Controller
<G
Data S—
Acquisition
S a— Displacement
| .
Excitation
PE—
FIGURE A1 | MATLAB/SimMechanics model of the 1/4 vehicle suspension: (A) three-dimensional model and (B) Simulink model.
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TABLE A1 | Structural parameters of the integrated inerter-spring-damper.

Symbol Parameter Value Unit
p Lead of the ball-screw 10 mm
Mj Mass of the inner casing of the magnetorheological (MR) clutch 0.5 kg
Mo Total mass of the flywheel and the outer casing of the MR clutch 3.0 kg
Dy Outer diameter of the MR inerter 108 mm
Li Length of the MR inerter (equilibrium position) 315 mm
Dy Outer diameter of the MR damper 80 mm
Ly Length of the MR damper (equilibrium position) 300 mm
Ka Stiffness of the accumulator 7,800 N/m
Ds Outer diameter of the spiral spring 140 mm
k Stiffness of the spiral spring 22,000 N/m
L Total length of the IISD (equilibrium position) 615 mm
TABLE A2 | Simulation parameters of 1/4 vehicle suspension.

Parameter Value Unit
Sprung mass 400 kg
Unsprung mass 35 kg
Spring stiffness 22,000 N/m
Tire stiffness 192,000 N/m
Tunable inertance 0-5,000 kg
Tunable damping coefficient 0-5,000 N-s/m
Passive damping coefficient 7,000 N-s/m
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This study concerns the modeling of the hysteretic behavior of magnetorheological
(MR) dampers. In general, hysteresis is one of key factors influencing the output
of such actuators. So far, more attention has been paid to studying the combined
hysteretic behavior of MR actuators by observing the relationships between the output
(force/torque) and the inputs (current, velocity, and position). However, these devices
feature two distinct hysteretic mechanisms: mechanical/hydraulic and magnetic. The
mechanical hysteresis is of different nature than the magnetic hysteresis due to the
properties of ferromagnetic materials forming the actuator’s electromagnet circuit, and
these should be split in the modeling process. In the present study, we separate the
magnetic hysteresis from the mechanical/hydraulic one by investigating the magnetic
flux vs. exciting current relationship of a commercial flow-mode MR damper subjected
to sinusoidal current loading and independently of the mechanical excitations. The
resulting behavior of the electromagnetic circuit is then examined using the non-linear
inductor approach with hysteresis. Total hysteresis is then modeled using a non-linear
inductor model in combination with a phenomenological parametric Maxwell type model
of the damper.

Keywords: MR damper, hysteretic behavior, magnetic hysteresis, inductor model, hysteresis

1. INTRODUCTION

Magnetorheological (MR) fluids are well-known representatives of so-called smart materials. The
material develops a yield stress when exposed to magnetic field (Rabinow, 1948), and it has
been successfully used in commercial applications, i.e., semi-active vehicle dampers or powertrain
mounts (Jolly et al., 1999).

Fundamentally, a typical MR flow-mode/shear-mode damper features an internal control
valve in the form of an electromagnet with a fixed height planar/annular flow channel. The
electromagnet’s core contains a coil assembly. Supplying the electrical current to the coil results
in inducing magnetic field in the flow channel, thus activating the fluid. The effect is a resistance-
to-flow build-up manifested by changes in the output force or torque. The effect is reversible
and fast. At the same time, various factors make the conversion process complicated (Goldasz
et al, 2018a), namely, temperature, friction, material’s liability to sedimentation, non-linear
magnetization characteristics of the materials of which the damper’s magnetic circuit is built,
magnetic hysteresis, mechanical hysteresis, current driver dynamics, control coil dynamics, non-
linear relationship between the magnetic flux and the field-dependent yield stress, etc. (Kubik et al.,
2017). Generally, the contributors make the control algorithm development process a challenge
and the optimal control algorithm difficult or impossible to obtain. Of the above contributors,
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the magnetic hysteresis is present virtually in any ferromagnetic
material, though on a different scale. Although the
electromagnetic circuits of MR valves are usually developed with
soft magnetic alloys, the flux’s hysteresis should be accounted
for in engineering an MR damper-based control system. As
MR dampers are by principle solenoid actuators (in which the
topic has been subject to extensive research, Mayergoyz et al.,
1989), the significance of hysteresis is similarly important. In
latching two-position solenoids, for instance, the hysteresis and
the residual magnetism affect the control circuit’s capacity to
maintain the solenoids at a given position. In MR dampers the
hysteresis complicates controlling the output of these devices,
and residual forces have a usually negative impact on the
damper’s output at off-state forces in particular.

In literature, magnetic hysteresis models are classified
into two groups (Mazgaj, 2010). The first one includes
energy-based models of which the Stoner-Wohlfart (S-W)
model or Jiles-Atherton (J-A) model are the most well-
known representatives (Jiles and Atherton, 1984). The other
class incorporates the so-called phenomenological models of
Preisach (Mayergoyz and Friedman, 1988; Mayergoyz et al.,
1989), Duhem/Hodgdon-Coleman (Macki et al, 1993) or
Chua (Chua and Stromsmoe, 1970). For this study, we
chose one representative of the phenomenological group—the
Duhem model.

The contribution of hysteresis to the force output of MR
dampers has been recognized rather early (Dyke et al., 1996).
Following on from Dyke et al,, numerous phenomenological
or lumped parameter models have been developed and applied
for the purpose of predicting the hysteretic output of MR
dampers (Wang and Liao, 2011). Typical approach involved
studying the relationship between force/torque vs. input current
and displacement/velocity and then fitting a particular model
to damper data from experiments. With such a methodology,
only total hysteresis can be studied. Few authors attempted
to analyze the magnetic hysteresis independently of other
hysteretic contributors (Szczygtowski, 2001; An and Kwon, 2003;
Zheng et al., 2015; Guo et al, 2018; Li et al, 2019). The
mechanical/hydraulic hysteresis has its origin in flow mechanics
due to the fluids compressibility and the lumped fluid mass
(inertia) traveling back and forth through the annulus (Goldasz
and Alexandridis, 2012). For comparison, the magnetic hysteresis
is an inherent property of ferromagnetic materials and does
not disappear in the DC limit, which is what the hydraulic
hysteresis does. Including the magnetic hysteresis operator,
therefore, brings numerous benefits. First, it facilitates control
through either sensor-based or sensorless approach as proven
with other electrical actuators and drives (Erol et al., 2012). The
implementation of the magnetic hysteresis operator will allow for
a model-based control, too. Second, it allows taking into account
the effects already in the design process. For instance, Kubik
and Goldasz (2019), in the parametric study on the MR damper
dynamic behavior with the so-called vector hysteresis approach,
showed that the use of such models may yield improvements
in understanding the MR damper physics and deliver a better
product. Simply analyzing prior art, e.g., the study of hysteresis
of an MR brake as in An and Kwon (2003) accomplished
with the Hodgdon model highlights significant advantages in

predicting the output of the brake on including the magnetic
hysteretic operator.

In general, the purpose of the study is to present means
for distinguishing the contribution of particular hysteretic
operators to the output of MR dampers. To accomplish
the goal, we reconstruct the magnetic behavior of a long-
stroke flow-mode MR damper with one magnetic hysteretic
operator to obtain the induced flux variation against the
exciting current. The sensorless flux reconstruction technique
we used allows inspection of the damper’s magnetic hysteretic
behavior without any knowledge of its internals. Finally, a
first-order phenomenological damping force model based on a
Maxwell model is employed to explore the contribution of the
remaining mechanisms.

The paper is organized as follows. Section 2 contains
the description of the dual hysteresis model concept of an
MR damper. In the section we describe both the magnetic
hysteretic operator and the mechanical model. Furthermore, in
section 3, we explain the test setup and the hardware used. Next,
section 4 presents model identification results and a comparison
of the hysteretic models’ performance against selected
experimental data sets. Finally, conclusions are presented
in section 5.

2. DAMPER MODELING

To predict the hysteretic behavior of a typical single-tube
flow-mode MR damper as in Figurel, we developed a
phenomenological model of the device. The cylinder tube houses
a piston assembly that separates the fluid volumes into the
upper (rebound) volume and the lower (compression) volume.
The floating gas cup separates the compression chamber from
pressurized gas for volume compensation. The piston features
a solenoid with a fixed-height annular gap for magnetizing the
MR fluid flowing through it as in Figure 1. There is a thru-rod
electrical connection between the current driver (not shown) and
the coil. The induced flux travels across the core, the annular gap,
the ring and the cylinder tube to return to the core through the
annular gap again. As illustrated, there is also a flux leakage path
from the tube through the MR fluid and the rod.

Specifically, we model viscous losses, friction, and offset
force due to the accumulator. Moreover, we assume the model
would capture the effects of fluid compressibility, field-dependent
pressure drop, as well as basic dynamics of the MR actuator’s
electromagnet although in a simplified manner. The model
incorporates two fundamental components reflecting the force
build-up process in the actuator: the electromagnet model and
the MR effect model.

First, the dynamics of the electromagnet is captured with
a non-linear hysteretic inductor concept. The model can be
analyzed by looking up the relationship between the exciting
(magnetizing) current and the resulting induced flux (linkage).
Second, the behavior of the fluid is examined further with a
first-order phenomenological model of the damping force. The
inductor model and the force model are related by a non-linear
flux-to-force coupling.
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6-gas chamber.

FIGURE 1 | MR vehicle suspension damper and exemplary flux density map (piston assembly); 1-cylinder and ring, 2-rod, 3-core, 4-coil assembly, 5-annulus, and
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FIGURE 2 | Block diagram of the proposed inductor model—reproduced
from Goldasz et al. (2018a) under the CC BY 4.0 license.

2.1. Non-linear Inductor Modeling With

Hysteresis

Let us consider the simplest non-linear lumped parameter model
of an MR actuator as shown in Figure 2. The model includes
the input voltage source u(t), the coil resistance R, and the
non-linear inductance L(i) in series with the resistor. The model
equation is then as follows:

u(t) = iR, + % (1)

where u - supply voltage, i — coil current, and A = L(i)i -
magnetic flux linkage, and L(i) - coil inductance. Equation (1)
represents the dynamics of a simple non-linear inductor.
The relationship A(i)) can be further expanded to include
other phenomena.

In the presented form the model copies the average flux
induced in the electromagnet, and its parameters can be
estimated independently of the hysteretic force component.
Equation (1) may represent a simple non-linear inductor model
with no hysteresis or assume more complex forms. In the present
study we chose to proceed with the Duhem hysteresis model.

2.2. Duhem Model

The relationship between the flux linkage A and the coil current i
of the inductor in Figure 2 can be described using the following
Duhem hysteresis operator (Mayergoyz et al., 1989)

di

dt

di
22— 4

. N
7 [f() — 4] +g()— )

We select the shape functions f (i) and g(i) as follows:

f(i) = by tanh (byi)
{ gli)y=d ®
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FIGURE 3 | (A-D) Duhem model: impact of model parameters on the normalized A — i loop.

FIGURE 4 | MR damper simplified layout.

The model incorporates a set of four tuning parameters
(a, b1, by, d), which can be identified from experimental data. In
the study, we assume the parameters are current dependent—the
examined object is non-linear. Typical identification procedures
rely on fitting the model to measurements as demonstrated
by Chwastek and Szczygtowski (2008) or Goldasz et al. (2019),
usually by means of least-squares quality metrics. The Duhem
model parameters are not directly related to the material’s

k, R(A),R,, c

—

)

Ay X=X,—X, Xz

FIGURE 5 | Block diagram of the hysteretic model (gas force not shown);
X1, Xo —displacements.

physical properties, e.g., remanence, coercivity, contrary to the
famous Jiles-Atherton model, for instance. In the anhysteretic
case (a = 0) the inductor model reduces to that of a non-linear
one without hysteresis, i.e., A = d(i)i. Then, an initial estimate
of the parameter d at a given current level can be provided from
coil inductance calculations using lumped parameter models or
more advanced finite-element techniques, for example. Once the
parameter d is fixed, the parameters a and b; can be played with
to arrive at the correct hysteresis width. Finally, the rate tuning
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parameter b, of the hyperbolic tangent function can be adjusted
to match the A — i curve’s slope. The particular form of the shape
function was preferred for consistency and ease of use.

The model parameter set can then be used for varying
the hysteresis width and shape. In Figure 3, the authors
reveal the impact that each parameter of the model has on
the A — i normalized loop shape; the arrow in each figure
shows the direction of particular parameter increase. In the
normalized plots, the flux and current variation range is
from —1to 1.

In this context, the Duhem operator is a non-linear
system model driven by the coil current i. Its output is
the flux linkage A(f). In the analyzed form, the Duhem
model has the advantage over other hysteretic models,
e.g., the Bouc-Wen model, for being less complex, as it
accepts half of the parameters (that the standard Bouc-
Wen model requires) for successful operation as shown
in Goldasz et al. (2018b).

2.3. Phenomenological Model of an MR

Damper

Next, we examine the simplest first-order Maxwell model
incorporating a non-linear dashpot in series with a spring. The
model is assumed to ignore higher-order dynamics due to mass
effects. Only the compressibility of fluid chambers is taken into
account as main contributor to the damper hysteresis. The non-
linear Maxwell model is functionally identical to the model
examined by Goldasz and Alexandridis (2012) as well as Simms
et al. (2004). As a partial proof, let us then consider the cylinder
housing with an MR valve located in the piston as in Figure 4.
The piston is driven by the prescribed displacement x(¢), thus
forcing the fluid through the valve at the volumetric rate Q. The
pressure drop across the piston is Ap = P; — P,. Considering the
variation of pressures in each fluid chamber, we yield

—Q+ Ak = ULp,
Q- Ax = ép @
’3 2
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where -bulk modulus. Assuming the volumes V; = V, = V
and transforming the above system of equations gives

% .
Apyg =Ak=Q )

where A is the piston cross-section area. In general, the pressure
drop across the MR valve and the flow rate are related by a generic
non-linear function Q = f(Ap, A). By way of simplification, we
further assume Q = Ap/R(X) and R = R(}) is field-dependent
hydraulic resistance (which further reduces to a (non)linear
hydraulic resistance in the absence of flux). Substitution then
gives

Ap%g\) + Ap = R(VA%, (6)

or multiplying by the piston cross-section area to get the output
force F yields

VRO) . .

This can be rewritten into a more generic form as follows:
¢(WF 4 F = F4(h,v) ®)

where ¢ is the field-dependent time constant. As an example, we
represent the force shape function F, to be

F4(t) = F, + F). = Ryx + Ry (&) tanh (cx) )

where the force component F, represents viscous losses
proportional to the velocity x, R, denotes hydraulic resistance
due to viscous losses, F, copies the field-dependent force
due to the MR effect. R, = R(1)A? is a link between the
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damping force model and the inductor model. The model may
incorporate friction force as well as force offset due to the
presence of the pressurized accumulator. Moreover, ¢ defines
the force increase rate against the velocity x. The model’s
simple form, as shown in Figure 5, is particularly convenient
in model/parameter identification problems; the parameter k,
represents all compliances present in the damper. Note that if
fixed flux input is assumed, then the effect of force evolution
against the velocity may be easily analyzed independently of the
other excitations. Under time-varying current excitations, the
flux build-up is copied by the inductor component, including
a relevant hysteretic operator (see Equation 1), whereas the
force change against the flux (as well as the velocity x and the
displacement x) is taken care of by Equation (8).

As shown, the model parameters can be deduced from the
damper’s geometry and material properties. However, due to
unknown internals of the tested commercial MR damper, we
estimate them from damping force measurements.

3. TEST INPUTS AND HARDWARE

The model requires measurements of quantities from which
the investigated models can be identified and their parameters
estimated, namely, flux and force. Although both could be
estimated simultaneously, and all measurements were carried
out at the same time, we decided to rely on the sequential
approach. First, to acquire the A — i relationship for the damper,
magnetic flux was extracted from voltage and current data
via integration (and high-pass filtering for drift removal). The
measurements were accomplished over a 20 s time span and by
sampling the data at the frequency of 1 kHz. The data acquisition
system was under the control of an AD/DA I/O board. The
tested unit was a flow-mode linear commercial damper by BWI
Group for a passenger car featuring an MR valve with one
annular gap and one coil assembly. The long-stroke damper’s
coil resistance is appr. 1.1 Q incl. electrical connections, and the
device can be operated up to 5 A. More detailed information on
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the tested damper incl. transient response, frequency response
and other characteristics can be found in Jastrzebski and
Sapinski (2017), and the reader should refer to these for
further details.

The damper was tested on a mechanical MTS810 shaker,
and the displacement was acquired from the stroker’s internal
sensor, see Figure6. In our experiments, the damper was
subjected to constant velocity (triangular displacement) inputs
using the above 1 Hz sine wave current input superimposed
on the displacement profile x(¢) as in Figure 7A. The peak-
to-peak displacement was 150 mm, and the triangular
displacement wave frequency was set to be 0.5 Hz. During
the experiments, the input voltage was adjusted to result
in peak coil currents I={1,1.5,2,2.5,3,and 3.5} A. The
magnetic flux time histories were then reconstructed as
already mentioned.

4. RESULTS AND DISCUSSION

Below, we show the obtained experimental results and then apply
the proposed model for predicting the dampers characteristics.
Damper measurement results are highlighted in Figures 7-13.
In particular, Figure 7A contains an exemplary time history
of the excitation inputs (displacement, current) plotted over a
selected 4 s time span. In Figure 7B, we plot time histories
of the damping force corresponding to the abovementioned
current peak levels. The results are complemented by the
plots of the damping force vs. the input displacement in
Figure 7C and the damping force vs. the measured coil current
in Figure 7D. In the plots, the damping force is offset by the
gas force due to the pressurized accumulator present in the
monotube damper; the commercial damper was gas-charged
at Py = 2.6 MPa. The gas pressure was measured at mid-
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stroke. The gas volume was estimated by pushing the piston
rod downwards from a fully extended position (full rebound)
to the fully collapsed one (full compression). The other bias
force which can be observed in the data is friction (determined
directly from the experimental data—F, ~ 70 N). The viscous
damping coefficient was estimated by plotting the force vs.
velocity at zero current condition. Furthermore, the flux linkage
information was acquired by post-processing voltage and current
as already mentioned; the flux integration procedure was applied
for predicting the magnetic hysteresis of an MR damper and
explained in detail in Goldasz et al. (2019). There are several
unavoidable issues with flux integration. First, the flux’s initial
value was unknown; that issue was solved by demagnetizing
the damper after each measurement. Second, as the damper is
stroked and/or the current is applied to the coil, the internal
temperature increases. As a result, the coil resistance varies with
temperature; the issue could be solved by, for example, using
a sensory coil wrapped around the core, though this was not

possible due to a lack of access to the internals of the damper.
Third, measurement noise and integration errors are further
accumulated in the process resulting in the flux linkage signal
drift. That issue was at least partially solved by filtering to remove
the signal bias and trend/drift. These issues may have influenced
the outcome of the study.

When the peak current increases from 1 to 3.5 A, on the
inductor part, the parameter a was determined to decrease
from the maximum value of 3 down to 1.4. On the other
hand, the parameter b; increased from 0.03 to 0.08 (3.5 A)
with the increasing current. At the same time, the rate tuning
parameter b, varied from 0.7 to 0.25, and the parameter d
was found to vary from 0.015 to 0.004. The time constant
¢ was determined to be nearly constant — 0.015 to 0.018 s,
and the off-state damping coefficient R, = 120 Ns/m,
and ¢ = 15 s/m. The parameter R(A) was found to be
equal to 18 kN/Wb (1 A), increasing with the current up
to 28.8 kKN/Wb (3.5 A).
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Based on the observations of plots in Figures 8-13, it
seems that the evolution of damping force against the current
and/or magnetic flux can be well-studied with the proposed
dual hysteretic approach. At all current levels above 1 A, the
model is capable of providing good quality performance in
predicting both the F — x loops, the F — i relationship, as
well as the F — A plots. The force behavior at transition points
as well as the hysteresis width and shape have been well-
captured with the proposed approach. At the lowest current
case (1 A), only the F — A predictions are not acceptable.
The flux as well as force levels are well-predicted; however,
the F — X loop’s width is poorly captured, and the transition
points are in the wrong quadrants of the F — XA system of
coordinates which can be observed also in the F — x loop of
the same figure. The model’s poor prediction at the lowest peak
current level is likely to be due to the above mentioned flux
estimation problems.

5. SUMMARY AND CONCLUSIONS

Hysteresis has been a well-known phenomenon influencing the
force/torque output of MR dampers. Prior art on this topic
usually included studying the total or combined hysteresis by
considering the relationship of the damping force or torque
vs. displacement/velocity and current, thus ignoring the distinct
nature of magnetic hysteresis and the hydraulic/mechanical
hysteresis. The first one is an inherent property of ferromagnetic
materials forming the damper’s electromagnetic circuit. It is of a
different nature to the mechanical (hydraulic) hysteresis of the
devices since it does not vanish in the DC limit (as the excitation
frequency approaches zero). Understanding the contribution of
the two mechanisms is then vital in developing a good quality
model. In MR dampers, magnetic hysteresis not only degrades
any current-based control scheme performance but also reduces
the actuator’s dynamic range.
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To distinguish between the two mechanisms, the present study
extends the concept of a non-linear inductor with magnetic
hysteresis (which is then linked to the damping force model). The
inductor concept (based on the Duhem hysteretic operator) is
employed for copying the A — i characteristics of the solenoid. In
the presented form, it simply captures the average flux variation
in the structure. It requires estimating the model parameter
values from the damper measurements. As such, it may be
only used during a control algorithm development stage and
is not suitable, for example, for damper sizing studies. The
lumped parameter form may, however, be convenient for model-
based control studies. Replacing the Duhem operator with the
Jiles-Atherton (whose parameters are linked to magnetization
characteristics features) model or the vector hysteresis modeling
approach would, however, make it suitable for solving such
problems at early stages of the development process, though often
at the expense of higher computing cost.

The mechanical mechanisms contribution to the force output
are then captured with a phenomenological Maxwell-based
model of the damper featuring a spring in series with a
non-linear dashpot. As demonstrated, the presented procedure
allows independent interpretations of the contribution of each
analyzed mechanism.

The phenomenological approach undertaken by the authors
employs a posteriori models whose parameters can be computed
from experimental data. Only control studies can thus be
supported with it. That is in contrast with the multiphysics
technique presented by Kubik and Goldasz (2019) where
the authors showed a hybrid finite-element/lumped parameter
approach that can be employed at a design stage.

To further summarize and clarify, in the present study
we highlighted an approach targeted toward separation of the
hysteretic output of an MR flow-mode damper into two distinct
hysteretic operators, namely, mechanical/hydraulic hysteresis
and magnetic flux hysteresis. With the proposed approach
each mechanism can be studied independently. The presented
technique relies on the flux sensorless estimation technique
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Semi-Active Scissors-Seat
Suspension With
Magneto-Rheological Damper

Hongtao Zhu, Xiaoting Rui*, Fufeng Yang, Wei Zhu and Junjie Gu

Institute of Launch Dynamics, Nanjing University of Science and Technology, Nanjing, China

A cab seat suspension with a magneto-rheological (MR) fluid damper is introduced in this
paper. A unified-format model for the MR damper is proposed to describe the dynamic
characteristics of the MR damper. Also, a simple force-inverse model and a viscous
damping tracking model are used for the coil current solution. A digital integrator and an
extended Kalman filter are respectively adopted to obtain the vibration velocity of the chair
frame and the relative motion velocity of the MR damper piston. A new skyhook control
base with viscous damping tracking is applied to the semi-active seat suspension. In the
simulation, compared with passive seat suspension under different displacement
excitation (2, 4, 6, 8 Hz-sine, and random), the acceleration root mean square of the
seat suspension with the MR damper is reduced by 52.2%, 32.2%, 41.3%, 50.8%, and
34.6%, respectively. In the experiment, the acceleration root mean square is reduced by
11.2%, 41.2%, 45.8%, and 31.5%, respectively under different displacement excitation (2,
4, 6, and 8 Hz-sine).

Keywords: magneto-rheological damper, semi-active seat suspension, skyhook control, Bingham model,
Bouc-Wen model, viscous damping tracking

INTRODUCTION

Many drivers suffer from occupational diseases, including stomach disease, heart disease, and anxiety
disorder. Part of those diseases are caused by the vibration of a cab. In recent years, the application of
cabs has increased, so it has become necessary to reduce the vibration of cab seats by adopting some
additional controllable components, of which the magneto-rheological (MR) damper is a superior
candidate. An MR damper has been applied to many aspects of engineering (Choi et al., 2016),
because of its advantageous features including low-power consumption, force controllability, and
rapid response. The MR damper mainly consists of MR fluid which is a designable and controllable
smart material whose apparent yield strength can be changed sharply within milliseconds, by the
supply of an external magnet, from a free-flowing viscous liquid to a semi-solid one (Rabinow, 1951).

The nonlinear dynamic characteristics of the MR damper limit its application in engineering. In
recent years, scholars have completed an extensive amount of research on the dynamic
characteristics of MR dampers. Among this research, the Bingham model (Nishiyama et al,
2002; Sun et al, 2010; Fusi et al, 2014) and the Bouc-Wen model (Spencer et al., 1997;
Ikhouane and Rodellar, 2005; Bahar et al., 2009; Rodriguez et al., 2009) are commonly used in
applications. The Dahl model, which is used to describe solid friction (Dahl, 1976), has also been used
by some scholars to describe the hysteretic characteristics of the MR damper (Spencer et al., 1997;
Ikhouane and Rodellar, 2005; Bahar et al., 2009; Rodriguez et al., 2009). Neural networks models have
also been applied in the modeling of an MR damper. However, the neural network lacks the necessary
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FIGURE 1| The structure of the scissors-linkage seat suspension and experiment setup: (A) seat photo; (B) the structure of the scissors-linkage seat suspension;

Displacement
sensor

physical meaning when describing the hysteresis model of the
magneto-rheological damper. In most engineering applications of
magneto-rheological dampers, the desired damping force needs
to be converted into electric current. Therefore, an inverse model
of magneto-rheological dampers is essential. Tsang et al. (2006)
gives a simplified dynamic inverse model of an MR damper based
on the Bingham model and the Bouc-Wen model. Also, neural
network models have been widely used in dynamic inverse
models (Xia, 2003; Karamodin et al, 2007; Gao and Wang,
2008; Bhowmik et al., 2010).

In semi-active seat suspension vibration isolation control, the
skyhook control is still one of the main methods of the
engineering application (Hatwalane, 2016). Lee and Jeon
(2002) uses a 2-state skyhook control (on-off skyhook control)
for seat suspension with an MR damper. Choi et al. put MR
dampers into commercial seats applying the skyhook control. In
Choi and Han (2007), a no-jerk skyhook control was proposed to
reduce acceleration jerk. A sliding-mode control based on a
human body model was used in MR damper seats in Choi
and Han (2007), but it is difficult to realize in engineering.
The H control was applied to the vibration isolation control
of the seat suspension with an MR damper by Yao et al. (2013).
Bai et al. (2016) and Bai et al. (2017) put a rotary MR damper into

the seat suspension for both longitudinal and vertical vibration
attenuation. A variety of advanced controllers were designed for
seat suspension with MR dampers by Phu et al. (2017), Xuan et al.
(2017), and Phu et al. (2019).

In this paper, the MR damper is applied into commercial air-
spring cab seats. The structure of the seat suspension used in the
paper is shown in Figure 1. The main contributions in this paper
are given as follow: 1) a unified-format model for an MR damper
combining the Bingham model and the Bouc-Wen model is
proposed; 2) a viscous damping tracking model based on the
Bingham model is applied into a skyhook control; 3) an improved
on-off control is proposed for comparison; and 4) a low-cost 3-
sensor semi-active seat structure is put forward, in which the
digital integrator and an extended Kalman filter are adopted for
signal processing.

The paper is organized as follows: System Configuration and
Modeling mainly introduces the system structure and system
modeling; a new skyhook control is introduced in Vibration
Isolation Control; the simulation results of sine displacement
excitation and random displacement excitation are discussed
in System Simulation; the signal processing of the sensor is
given in Signal Processing; and the experimental results are
shown in Experiment.
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SYSTEM CONFIGURATION AND
MODELING

System Configuration
The structure of a scissors seat in this paper is given in Figure 1B.

From Figure 1B, we can see that a scissors seat is mainly
composed of a shear bar, an air spring, and an MR damper.
The shear bar is mainly used to keep the seat mechanism stable,
and the air spring is used to provide seat support rigidity. The
MEMS (Micro-Electro-Mechanical System) acceleration sensor is
used to measure the acceleration of the chair frame and the base,
and MEMS has the advantages of long life, small size, and low
price. The resistance ruler, whose accuracy can reach 0.01 mm, is
used to measure the stroke of the MR damper. Also, compared to
other types of displacement sensors, the resistance ruler is cheap
and suitable for the market.

A coil current driver is used to provide a controlled current for
the MR damper. The current driver used in this paper is
composed of a power circuit, a microcontroller (MCU), a
bootstrap circuit, and a H-bridge drive circuit. The
microcontroller selects STM32F401 of ST Co., and its main
frequency can reach up to 84 MHz. Figure 2A shows the PCB
board of the current driver designed in this paper.

In simulation, the current driver of the MR damper is regarded as
a typical 1-st system, and its transfer function is given as follows:

where, . is the time constant of the coil current driver
(rcs = le = 3's). The 1A-step response of the coil current driver
is shown in Figure 2B.

Modeling for the Magneto-Rheological
Damper System

Unified-Format Model for the Magneto-Rheological
Damper

In order to facilitate the discussion, an unified-format model is
established for an MR damper.

2

In Eq. 2, z, is the relative displacement of damper piston, and zd is the
relative velocity; k is the stiffness of the compensator in the damper
(straight single-rod damper), ¢ represents the equivalent viscous
damping coefficient of the MR damper; and . is the coulomb friction.

When the model takes the Bingham model (Zhu et al., 2019),
@ = sign (24).

F,j = kZd + CZ',j +ﬂ(b

3)

Fy = kzy + cz4 + f.sign(2,)

where, sign (-)represents the sign function.
When the model takes the normalized Bouc-Wen model (Zhu
et al.,, 2019) and there is

F; = kZd + CZ.d +fC(:D
Tcs(s) = (1) = 0 s A1 R Dz @I (4)
T.s+ 1 @ =p[24— 0l24]|®"" @ + (0 - 1)z4|®|"]
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FIGURE 3 | Comparison between the predicted and experimental data (normalized Bouc-Wen model): (A) the damping force vs. time; (B) the damping force vs.

Velocity (mm/s)

TABLE 1 | Fitting results of MR damper parameters.

Para Value Unit
C1 1984.8 N-s/m
Co 638.55 N-s/m
A 1.5353 -

fy 1336.4 N

fo 60.331 N

A 1.1943 —

i3 7,018 m-!
Po 44,836 m-’
Ao 4.0485 —

Ke 1864.9 N-s/(m-A)
K¢ 1041.9 N/A

In Eq. 4, p, 0, and #n are the shape parameters of the normalized
Bouc-Wen model. And the normalized Bouc-Wen model is stable
and dissipative when p>0, ¢>0.5, n>1. It is not difficult to
identify the parameters using the method in Zhu et al. (2019) and
the comparison between the predicted and experimental data
(normalized Bouc-Wen model) is given in Figure 3.

The exponential function is used in the parameter fitting and
the fitting results are shown Table 1.

p(D = (p, _Po)(l - e_API) P ™)

where, I represents the coil current of the MR damper.
The fit curves of parameters (p, o, and #) are shown in Figure 4 and
fitting values are in good agreement with the experimental values.
When the current is small, the parameters (¢ and f.) have a
linear relation with the coil current of the MR damper.

c()=kd+c

®)
©)

Force-Inverse Model of the Magneto-Rheological
Damper

The expected force of the MR damper is noted as f, and the form
of the force-inverse model is given in Eq. 10.

I = F;'(f.)

where, I, is the expected current of the MR damper and F;l (+) is
the inverse model representation of the MR damper.

Fd (éd: é,]) = C(I)Zd +fC(I)(5

(10)

(11

At the same time, under the condition of a small current, the

() = cl(l _ e'“) +6 (5) equivalent viscous damping coefficient ¢ and coulomb friction
.\ force f. still meet the linear relationship in Eqs 8 and 9. The
—Arl
Je(D) =fl(1 —e” ) +fo (6)  expected current of the MR damper can be expressed as
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fo = coZa — fo@
Ie = 12
k.zg + kaD (12)

When the model takes the Bingham model, @ = sign(z,), then
0, |24l <& or (fo — coZa — fo®@)Za<0

fe - C()Z'd —ﬁ)é
kcid + kaigT’l (Z;d)’

13
others (13)

where, &, >0 velocity threshold constant.

Viscous Damping Tracking

Due to the energy consumption characteristics of the MR
damper, it is impossible to generate the active force, so the
expected force of the MR damper is the viscous damping
force, which is:

100 T T T T T T r
Z
50 R
—
Z
N— 0 L -
3
& —20Hz Z
sop o =l o 50Hz | | .
— — —100Hz
-100 I L L L L 1 1 K
-0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08 1
. Zy
Zq (m/s) f
FIGURE 5 | Simulation results of viscous damper tracking. FIGURE 6 | The schematic diagram of the seat system: (A) the structure

of the scissors-linkage seat; (B) the schematic diagram of the skyhook control
for the seat suspension.

F,=Cz4 (14)

where, F, is the expected damping force, and C, is the expected
viscous damping coefficient.

Also, according to Eqs 8 and 9, the expected current form of
the MR damper is:

(Co—c0)ia—fod

I = - = 15
k.Zg + kf(D (15)

When the model takes the Bingham model, @ = sign (z4), then

I= (Ce = c0)Za — fosign (Z,) _ (G = a)lzdl ~fo
¢ kg + kysign (24) kelzal + ks

(16)
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TABLE 2 | Parameter value of the seat suspension system.

Parameter Value Unit
my 15 kg

K 1.70e4 N/m

Cq 1.00e2 N/(m/s)
my 70 kg

Ko 3.02e5 N/m

Cs 2.14e3 N/(m/s)
Cy 4.17e3 N/(m/s)
D 0.165 m

The Bouc-Wen model is used as the accurate model of the MR
damper, and the viscous damping tracking simulation is carried
out under different control frequencies (20, 50, and 100 Hz). The
simulation results are shown in Figure 5, and when the current
control frequency is small, the F;-Z, curve shows obvious serration.
It is evident from Figure 5 that the higher the control frequency,
the better the viscous damping tracking effect.

Modeling for the Seat Suspension System

The schematic diagram of the seat suspension model is shown in
Figure 6. In the schematic diagram, the seat suspension system is
regarded as a 2-DOFs system.

According to the Newton formula, the dynamic equation of
the seat suspension model is established as follows:

myz, = Ky (2, — 21) = Cy (2, - Z1)
mz; = =K (z1 —20) = G (21 — Zp) + K3 (2, — 21)

+Ci(z-z1) + Fy (17)

where m; and m, are the mass of the seat and the driver,
respectively; z, is the base displacement input, and z
represents the displacements the seat; K; and K, represent the
stiffness of airspring and cushion respectively.

I2-D;

= —Td (Cid +fc(5)

Fy

(1) = p[ls (1) - 0.5l (O]|@ O™ D (1) + 0.5k (DD ()]
(18)

In Eq. 18, [, represents the length of the MR damper and I, is
the time derivative of I; D is the distance constant which is
defined in Figure 6. The expressions of I; and I; are given as
follows:

le = D; + (Zl — 2yt Hlo)z (19)

12— D

T (20)

Iy = (41 - )
The parameter value of the seat suspension system for the
simulation is given in Table 2.

In the above table, C; is the viscous damping coefficient of the
passive hydraulic damper, which is used for comparison with the

effect of the MR damper.

Semi-Active Scissors-Seat Suspension with MR Damper

VIBRATION ISOLATION CONTROL
Skyhook Control

Skyhook control (SH) is one of the most widely used control
strategies in suspension control. As shown in Figure 6B, a
hypothetical ceiling damper is placed between the seat
frame and the ideal ceiling, and its damping coefficient is CS*.
The expected force of continuous skyhook control is noted as FSH.

P = —C%z, (1)
Considering the nonlinear dynamic characteristics of the MR
damper, the expected current of the MR under continuous SH
control is:

ISH _ F;l ( _ FSH) (22)

where, F;' (-) is the form of the force-inverse model which is
given as Eq. 10

On-Off Control

When the skyhook damping coefficient Csy tends to infinity, the
control strategy is an on-off control strategy, and the control
output switches between the maximum and the minimum. This is
also called a two-state skyhook control in some literature (Choi
and Han, 2007).

-]

In order to avoid frequently switching the current output, the
above formula is improved as follows:

Inin» 212100

Ima)o 21210 >0 (23)

Imim 2.12.10 < 0
Imax: 2.12.10 >0 and |Zl| > &, and |Z;«10| > &,
211 .. ) )
Inin + —Imaxs 21210 > 0and |2;] <&, and |210] > &,
I = 4 a
1Z10] .. . .
Inin + —Imax» 21210 > 0and [21] > &, and |250] <&,
T
Z1Z2
Iin 11 10|I,mx, others
ar

(24)

Where, ¢, > 0 is the absolute velocity threshold constant; &, > 0 is
the relative velocity threshold constant is the form of force-
inverse model is given in Eq. (10). And, the larger the values
of ¢, and ¢,, the smoother the current output.

Skyhook Control Based on Viscous
Damping Tracking

Since K, » Kj, the system in Eq. 17 can be approximated as a
single-degree-of-freedom vibration system, there is:

mz, = -K; (z1 — z0) — C1 (21 — Z9) = Cyo (21 = Zo) (25)

where, m = m; + my; Cg the virtual viscous damping between the
seat frame and the base, which is produced by the action of the
MR damper.

According to Eq. 20, there is:
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zZ
Cio = Csg—

(26)

210

In Eq. 26, 2y is the relative speed of the chair frame to the base,

Since the value of C; is small, the natural frequency and damping
ratio of the single-degree-of-freedom system is given as follows:

K
W, = \|—
m

(= 2C1° =
mw,

(27)

Cc

where, ¢, = 2muwy, is the critical damping coefficient.

The value range of Cyg is defined as Cjy € [cmin> Cmax]- When
Cio = ¢, the system will not generate resonance, so the values

range of Cjy is given as:

Cmin = 0
Cimax = Cc

Considering that the value of Cy is close to 0, there is:

Cmim

z
C = CSHi)
10 = &

z
CSH.iy
Z10

Z.lz.10 <0

IZ.10| <&

others

(28)

(29)
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FIGURE 10 | The signal processing diagram and results: (A) the signal
processing diagram; (B) acceleration signal integration results; and (C) EKF
signal fusion results.

Bringing the value range of Eq. 28 into Eq. 29, there is:

Cmin> CIO < Cmin
Cip = Cmax> Ci0 > Cmax (30)
Cio» others

According to the seat geometry, the desired damping coefficient
C. of the MR damper is:

12

C = zidclo

e (1)

According to Eq. 16, the expected current of the MR damper can
be obtained as follows:
_ B Ciolzal

e T 2
l; - D? kclzd| + kf (3 )

If an unidirectional current is applied to the iron core of the MR
damper for a long time, the iron core will have residual

Semi-Active Scissors-Seat Suspension with MR Damper

magnetism. In order to avoid residual magnetism of the iron
core, the current direction is continuously changed during
current control in Eq. 33.

I, = Isign(Z4) (33)

SYSTEM SIMULATION

Sinusoidal Input
According to 1SO2631-1, the sensitive frequency range of the

human body is about 2-8 Hz. Therefore, sinusoidal base
displacement (2, 4, 6, 8Hz) is adopted to the seat
displacement excitation. The simulation results of the
sinusoidal displacement excitation at different frequencies is
shown in Figure 7. In Figure 7, “HD” represents the passive
hydraulic damper; “SH” represents the skyhook control; “On-
Off” represents the on-off control; and “New-SH’ represents the
skyhook control based on viscous damping tracking.

Compared with seat suspension with passive hydraulic
dampers, the acceleration of the seat suspension with the
MR damper, is significantly reduced under different-
frequency displacement base excitation. Compared with
passive suspension, under 2 Hz-sinusoidal displacement
excitation, the acceleration RMS of the MR damper seat
suspension with different control methods (SH, On-Off, and
New-SH) decreased by 52.0%, 56.9%, and 52.2%, respectively.
Under 4 Hz-sinusoidal displacement excitation, it decreased by
30.0%, 14.0%, and 32.2%. Under 6 Hz-sinusoidal displacement
excitation, it decreased by 38.6%, 5.2%, and 41.3%. Under 8 Hz-
sinusoidal displacement excitation, it decreased by 48.2%,
22.6%, and 50.8%. The following conclusions can be drawn
from Figure 7: 1) the acceleration RMS reduction effect of “SH”
and “New-SH” is similar, but the acceleration peak of “New-
SH” is smaller; 2) the improved on-off control in this paper
performs better in the low frequency (near natural frequency),
but poorly in the high frequency region.

The expected current of the MR damper under sinusoidal
displacement excitation is shown in Figure 8. Compared with
the traditional skyhook control and on-off control, the
expected current of the skyhook control based on viscous
damper tracking is smoother. This is because the SH
control proposed in this paper converts the active force into
the desired damping coefficient of the MR damper, and limits
the value range of the desired viscosity coefficient within a
reasonable range.

Random Input
According to ISO-8608, the displacement PSD (power spectrum

value) of road space surface is:

-w
n

Gq(n) = Gq(n0)<_> (34)
No

In Eq. 34, n represents the spatial frequency (unit: m™); ng

represents the reference spatial frequency (9 = 0.1m™!); G, (n9)

is the displacement PSD of reference spatial frequency ny
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(unevenness coefficient, unit: m2/m™"); W is the frequency index
(empirical value: W = 2).
The vehicle speed is recorded as v and the time frequency is
noted as f.
f=wn (35)
Then the displacement PSD of the road time unevenness is:
1
G,(f) = ;G,, (n) (36)

Using the sine superposition method, it is not difficult to get the
time unevenness of the road surface q(¢):

N ‘mi
q(t) = Z Gq<ﬁ—:) ATf"sin(zﬂfimidt+ 91_)

(37)

where, f™4 is the interval center frequency; af; is the frequency
range size; 9; is the random phase of the sine wave, which satisfies
uniform distribution on [0, 2x].

The seat displacement excitation z, is actually the
vibration of the body, which is the result of the action of
the road surface excitation on the vehicle body through the
suspension of the vehicle. Its working principle is shown in
the Figure 9.

The filtering effect of the vehicle body on the road excitation is
regarded as a typical second-order filter, and its transfer function is:

w2

T2nd (5) = .

_— 38
2+ 28w,s + w? (38)

In Eq. 38, v, is the natural frequency of the typical second link,
and ¢ is the damping ratio. The values of w, and ¢ can be properly
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selected according to the mass of the vehicle body, and the
stiffness and damping coefficient of the suspension system. w,
9.78 rad/s and ¢ = 0.4 are taken in this paper.

The displacement PSD of z, is noted as G, (f) and there is:

Gzo (f) = |T2nd (]Zﬂf)|2Gq (f)

when the vehicle speed is 10 m/s and the road type is C. The
displacement PSD curve and time-domain curve is shown in
Figures 9B,C.

The seat suspension simulation results under the above
displacement excitation is give in Figure 9D. It is not difficult
to conclude from Figure 9D that, compared with the traditional
passive seat suspension, the vibration isolation effect of the seat
suspension using the MR damper is significantly improved.
Under the random displacement excitation in Figure 9C, the
acceleration RMS of the seat frame is reduced by 28.0%, 38.9%,
and 34.6%, respectively for those three control strategies (SH, On-
Off, and New-SH).

(39)

SIGNAL PROCESSING

Figure 10A shows the block diagram of the signal processing in
this paper. The seat frame acceleration signal passes through the
low-pass filter (LP), high-pass filter (HP), and digital integrator in
sequence to obtain the vibration velocity of the seat frame. The
relative velocity of the piston of the MR damper is obtained
through the extended Kalman filter (EKF).

Acceleration Signal Integration
The transfer function of the first-order high-pass filter is given as

follows:
Thp$

Tip (s) = s+ 1

(40)
where, 7, is the time constant of the first-order high-pass filter.
Through bilinear transformation, it is not difficult to get the

discrete transfer function of the high-pass filter:

(41)

th (Z) =

Semi-Active Scissors-Seat Suspension with MR Damper

In Eq. 41, T; is the signal sampling time.
In signal integration, the following form of the digital
integrator is used:

_Ti(z+1)

T 2(z-1) “2)

Hint (Z )
The vibration velocity signal measured by the laser vibrometer is
used as a reference signal, and the acceleration signal integration
experiment results are shown in Figure 10B. Figure 10B, v,
represents the velocity reference signal measured by the laser
vibrometer; v, is the velocity signal obtained by integrating the
acceleration signal. vj,; and v.; are in good agreement in
Figure 10B.

Extended Kalman FilterSignal Fusion

The state vector of EKF is noted as x;=
[21 —zo+Hy Z1—-2¢ Z1—% ]Z and the output vector is
noted as yx = [I; 2, — % ]kT

The constant acceleration (CA) model is established and Tz is
the sampling period of EKF. The discrete form of the CA model is
given as follows:

In Eq. 44, wy is the state disturbance; vy is the measurement noise;
and ok is the state transition matrix.

X = Do X + Wy

Yk = h () + i (43)

Op1 = lo 1 Tkr ] (44)
0 0 1
|
h(x) = [ s ] (45)
ld = \/(Zl -2yt H10)2 + D? (46)

Qy is defined as the covariance matrix of state disturbance wy and

there is:
Tip/20 Tip/8 Tie/6
Q= E(WkWIZ) =0i| Tge/8 Tre/6 Tip/2 (47)
T13<F/6 T12<F/2 Tke

Hj is defined as the Jacobian matrix of & (xy)

_Oh
~ox
The steps of the EKF algorithm are given in the following
equation:

H, (48)

Xpk-1 = Prr1 X1k

Pike1 = A gt Prcgpem 1 oot + Qs
Ky = Pipe s Hi [HiPre Hye + Rk]_l
ik = Kigeer + K [ve — HiXgr1 ]

P = (I = KeHi] Py (49)

In Eq. 49, Xij—1 is the one-step state prediction; Py is the error
variance of the one-step prediction; Kj is the Kalman filter gain;
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Xk is the k-time state estimation; Py is the error variance
estimation; A is the forgetting factor which is used to improve
the tracking performance of the algorithm; and Ry is the
covariance matrix of measurement noise which is defined in

Eq. 50.
1 0
0 r,

where, 7; is the measure error variance for the displacement
sensor and r, is the relative acceleration measurement error
variance.

The experimental results of the damper piston relative velocity
is given in Figure 10C. In Figure 10C, “ID” represents the result
of the tracking differentiator (Wang et al., 2003) and “EKF”
represents the result obtained by EKF. The experimental
results show that the noise of the damper piston relative
speed is smaller and the signal has a good tracking
performance. Figure 10C shows that, adopting EKF, the
relative velocity of the damper piston has smaller noise and
a good tracking performance.

R = E(vT) = [ (50)

EXPERIMENT

Experimental Setup
As it is shown in Figure 1C, the experimental setup is mainly

composed of DC power, a real-time control system (Speedgoat
10135 with MATLAB/Simulink, Switzerland), a laser Doppler
vibrometer (LDV, type: OFV-505/OFV-5000, Polytec, Germany),
a vibration test-bed, a scissors-seat with an MR damper, and a coil
current driver. As a rapid control prototype, speedgoat is used to
collect and store sensor signals, and output the desired current
signal of the MR damper. The LDV is used to measure the
vibration velocity of the chair surface as a velocity reference to
verify the accuracy of the acceleration signal integration. The
vibration test-bed is adopted to provide displacement excitation
for the seat suspension. The current driver is used to provide
controlled current for the coil of the MR damper.

Sinusoidal Input Experiment
The experimental results of sinusoidal displacement excitation are

shown in Figure 11. Compared with passive suspension, under 2 Hz-
sinusoidal displacement excitation, the acceleration RMS of the MR
damper seat suspension with different control methods (SH, On-Off,
and New-SH) decreased by 11.4%, 12.0%, and 11.2%, respectively.
Under 4 Hz-sinusoidal displacement excitation, it decreased by 38.4%,
—4.9%, and 41.2%. Under 6 Hz-sinusoidal displacement excitation, it
decreased by 43.6%, 8.6%, and 45.8%. Under 8 Hz-sinusoidal
displacement excitation, it decreased by 31.2%, 30.1%, and 31.5%.

The expected current of the different control strategies under
sine displacement excitation are shown in Figure 12. Experimental
results show that, compared to traditional skyhook control and on-
off skyhook control, the desired current of new skyhook method
based on the viscous damping tracking proposed in this paper is
relatively smoother and smaller, which can reduce system power
consumption to some extent.

Semi-Active Scissors-Seat Suspension with MR Damper

Frequency-Sweep Experiment
The 2-40 Hz sine wave sweep excitation put into the seat

suspension, and the acceleration transmission rate in
frequency-domain are defined as follows:
| F (a)]

Toy-a, (joo) = (51)

where, F (-) is the Fourier transform; aq and a, are acceleration
the stiffness of base and dummy respectively; T,, ,, is the
acceleration transmissibility.

Figure 13 shows the results of the 2-40 Hz frequency sweep
experiment, in which “MRD-0A’ represents the MR damper with
a 0 A current and “MRD-1A’ represents the MR damper with a
1A current. It can be seen from the Figure 13 that, compared with
passive suspension, the seat suspension with the MR damper has
good vibration isolation performance at different frequencies.

CONCLUSION

In this work, a low-cost 3-sensor seat suspension structure with
an MR damper was established, in which a digital integrator and
an extended Kalman filter were adopted to enhance the signal
quality in signal processing. A unified-format model for the MR
damper and a viscous damping tracking model based on the
Bingham model were proposed. Simulation results show that,
compared to traditional skyhook control and on-off control, the
new SH control with viscous damping tracking had a good
performance in reducing acceleration jerk and smoothing the
expected current output. However, in the experiment, the
vibration isolation effect of “SH” and “New SH” was similar,
and the difference between them was that the output current of
“New SH” was small and smooth, which reduced the power
consumption of the system to a certain extent.
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In this article, a magnetorheological shear thickening fluid (MRSTF) was fabricated based
on magnetorheological (MR) material and shear thickening fluid (STF). The STF was firstly
fabricated as the liquid phase, and carbonyl iron particles were then mixed with the
prefabricated STF to synthesise a series of MRSTFs with various iron concentrations.
Then, a rheometer was used to measure their viscosities by varying the shear rate under
various magnetic fields. Both static and dynamic tests were conducted to study the
rheology of MRSTFs under different magnetic fields. The tested results revealed that the
MRSTF showed shear thickening under zero magnetic field and MR effect with increasing
applied magnetic field. It was also noted that the viscosity of the MRSTFs can be controlled
by both shear rate and the applied magnetic field. The concentration of iron particles
played an important role in the MRSTFs’ rheological properties. The MRSTFs with higher
iron particle concentrations revealed lower shear thickening effects but higher MR effects,
which means the MRSTF with higher iron concentration can be treated as an effective MR
fluid. Meanwhile, the MRSTF with low iron concentration displays good shear thickening
effect under weak magnetic field. To summarise the behavior of MRSTFs with various iron
concentrations and under different magnetic fields, three regions were proposed to
provide guidelines to design MRSTFs and assist in their applications.

Keywords: magnetorheological, shear thickening, fabrication, viscosity, storage modulus, loss modulus

INTRODUCTION

Smart materials and structures have taken a central role in many recent developments of the
intelligent materials around the world because of their highly functional and changeable properties in
relative applications. The merits of these new intelligent materials include offering optimized
performance of existing engineering products, as well as offering new solutions with improved
and more robust capabilities (Tian, 2014; Peters et al., 2016; Majumdar et al., 2017). They can be
adopted to various client needs in practical structures like sensors and actuators in many engineering,
automotive, aerospace, and military applications. Consequently, the field of intelligent materials
research has attracted a large number of researchers and significant financial investments in
development of new materials designed to enhance and improve every aspect of today’s living
(Ding et al., 2013; Chen et al,, 2017; Avila et al., 2018).

Magnetorheological fluid (MRF) is a type of smart material which consists of ferro particles,
carrier fluid, and additives. When the MRF is subjected to a magnetic field, the fluid greatly increases
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its apparent viscosity, to the point of becoming a viscoelastic
solid. Typical choices of carrier fluid include minerals like silicone
oils, polyesters, polyether, synthetic hydrocarbons, and water.
MREFs also contain micro-sized ferro magnetic particles which
play a key role in the change of their viscosity under applied
magnetic field. With no magnetic field present, particles do not
exhibit specific orientation and distribute randomly in the carrier
fluid, so the apparent viscosity of the fluid remains at low values.
When a magnetic field is applied, the particles start to become
magnetized and attract each other along the direction of the
magnetic flux density forming a gap spanning anisotropic chain-
like structure. Eventually, the field-affected fluid will transform
into semi-solid state with a large dynamic yield stress of several
orders of magnitudes higher than that at zero magnetic field
condition, which signals the minimum requirement to make the
suspension flow. Generally speaking, good MRFs should exhibit
sound saturation magnetization, small coercivity/remnant
magnetization, effective MR effect over a wide range of
temperature variation, and stability against flocculation and
chemical oxidation. The most referred engineering applications
of MRFs are MR dampers, which are used in vehicle suspension,
civil buildings, and shock absorbers (Dong et al., 2016; Chen and
Chen, 2020; Hou and Liu, 2020; Hua et al., 2020).

Shear thickening fluid (STF) is a type of non-Newtonian fluid
whose viscosity dramatically increases when it experiences a sudden
strike or impact. A common example of STF is a mixture of corn
starch and water. It is widely known that a person does not sink into
this kind of solution if they run over on it. But they can sink if they
stand still or walk over it. STFs are usually made from nanoparticles
and carrier liquid. When the shear stress or shear rate is applied,
hydroclusters will be formed from the nanoparticles because of
collisions with other neighboring nanoparticles, which produces a
rapid rise in viscosity. The nanoparticles will even lock together and
harden when rapidly struck if the shear stress or shear rate is high
enough, and the STF will behave like in a solid state. When the stress
is removed or if the shear rate decreases, the material returns to its
original fluid-like state (Cossa, 2019).

Because of the unique properties of STFs, they have gained
enormous attention around the world, and significant amount of
research has been investigated for their applications. Their behavior
change has found lots of industrial and commercial applications like
dampers, personal protective equipment, and even more in
prosthetic limb replacement materials. In the past decade, STFs
made from silica nanoparticles loaded in carrier fluids, such as
polyethylene glycol, and impregnated in a fabric, have gained
attention by military and law enforcement agencies to have
potential for usage in liquid body armour and bulletproof vests.
The most common application focuses on impregnating Kevlar
fabrics with STFs in order to improve its stab resistance and to
reduce the number of layers required for maximum penetration
resistance (Li et al.,, 2008; Petel et al,, 2015; Wagner and Wetzel,
2007; Grover et al., 2020). STFs can also be used in smart structures
due to their unique shear thickening properties (Zhou et al., 2016).

In combining both MRF and STF, novel magnetorheological
shear thickening fluid (MRSTF) can be achieved. Zhang et al.
(2008) firstly synthesized MRSTF from iron particles and STF at
the weight ratios of 5:100, 10:100, 50:100, and 200:100. Then, they
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investigated the thixotrope of MRSTFs (Zhang et al., 2010). Yang
et al. (2015) developed and tested a linear damper working with
two MRSTFs which contained 20 and 80% weight fractions of
iron particles, respectively. Their results showed the damper with
20% iron displaying both MR effect and shear thickening effect,
while the damper with 80% iron worked more like a conventional
MR fluid-filled damper, because its shear thickening effect is
restrained and the MR effect becomes more obvious with higher
iron volume.

In this study, we investigate rheological properties of STFs and
MRSTFs, in an effort to present a guideline of three regions of
MRSTFs’ behavior to apply this novel smart material, which can
provide an improved impact performance and dependencies of the
MR effect when an external magnetic field is applied. The MRSTFs
were fabricated with mixing already prepared STF and carbonyl
iron particles. Their dependencies of viscosity/complex viscosity/
storage modulus/loss modulus on shear rate and frequency, exposed
to various magnetic fields, were tested. The effects of iron particle
concentration, magnetic field, and shear rate on rheological
properties of the MRSTF were discussed. In order to achieve this
again, both steady state and oscillatory tests were conducted. The
main objective and motivation of this study was an attempt to first
assess the performance of the already developed materials and to try
to find ways on how to improve them, and at the same time,
researching new techniques that could be of a great importance in
various applications. The results of this work, we believe, will create
valuable foundation groundwork in determining selection of input
materials and quantities to conform with the application
requirements, particularly in future improvements in
performance and mechanical protection for the applications of
MRSTFs (Ding et al., 2011).

MATERIALS AND EXPERIMENTS

Materials and Fabrications

The STF was the base material for MRSTF, and its nano-particles
were fumed silica (S5505; Sigma-Aldrich, Germany) with 14 nm
primary particles size, 200-300 nm of aggregation size, and a
surface area of approximately 200 m”/g. The carrier fluid was
ethylene glycol (102466; Sigma-Aldrich, Germany) with a density
of 1.113 g/ml. Compared with the STF made of corn starch and
water, the STF made of ethylene glycol and fumed silica has less
sedimentation and is more stable (White et al., 2010).

Before the fabrication of STF, fumed silica was put in a beaker
and dried in a vacuum oven at a temperature of 100°C for 10 h to
evaporate all the moisture out of the material. Then, the carrier
fluid was mixed with fumed silica at the weight ratio 3:1, and a
blender was employed to mechanically stir the two components
until a liquid compound was achieved. Finally, the resulting
suspensions were placed in a vacuum chamber for 30 min to
eliminate involved air bubbles, and the STF was achieved.

Carbonyl iron particles (C3518; Sigma Aldrich, Germany)
were chosen as the ferro particles for the MRSTFs, which have
5 um particle size and 7.86 g/cm® density. The carrier phase was
the pre-fabricated STF with 25 wt% fumed silica. For fabrication
of MRSTFs, the carbonyl iron particles were mixed with the STF
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TABLE 1 | Concentration of the components in MRSTFs.

Magnetorheological Shear Thickening Fluids

MRSTF Ethylene glycol [g] Fumed silica [g] Carbonyl iron [g] Weight fraction of iron (%)
0% Fe 75 25 0 0
5% Fe 75 25 5.26 5
10% Fe 75 25 1.1 10
15% Fe 75 25 17.65 15
Fumed Dried in vacuum oven Ethylene Slow mixing for 1 hour
Silica at 100 °Cfor 10 h Glycol
| ]
‘ | \ L|q:|d
mixture
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-—«r
Mixer ‘ ‘
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FIGURE 1 | Diagram of fabrication process for STF and MRSTF.
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FIGURE 2 | Experimental setup of the magnetic field application device used to apply magnetic field and measure MR effects of the MRSTF samples.
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FIGURE 3 | Viscosity versus shear rate for MRSTFs with different iron
concentrations.

at a specific weight ratio, which is summarized in Table 1. After
15 min in a vacuum chamber to get rid of air bubbles, the MRSTF
was obtained. Figure 1 shows the manufacturing process for both
base STF and MRSTFs.

Measurements
A rotating rheometer (MCR 301, Anton Paar, Germany) was used
to measure the rheological properties of the MRSTFs, and a
temperature control device (Viscotherm VT2, Anton Paar,
Germany) was used to ensure the measuring temperature at
25°C. A flat measuring geometry (PP-20, Anton Paar,
Germany) with 20 mm diameter was used for the rheological
testing. Measuring gap of the test was 1 mm. When testing
MRSTFs’ MR properties with the rheometer, a magnetic
induction accessory (MRD180; Anton Paar, Germany) was
used to introduce and control the magnetic fields at 0, 110,
220, 330, and 440 mTesla. Figure 2 shows how the magnetic
field is generated and applied to the MRSTF samples in the
measurements. The measured data were collected using a
rheometer and simultaneously transferred to the PC. A
software Rheoplus was used to view the data in the PC screen.
Three types of tests were performed to assess rheological
properties of the STF and MRSTF samples, including 1)
steady-state test, 2) dynamic oscillatory amplitude sweep test,
and 3) dynamic oscillatory frequency sweep test. In a steady-state
test, the specimen was rotated isothermally by varying the shear
rate from 0.1 to 1,000 s™', and the viscosity of the sample was
measured using the rheometer. For both dynamic oscillatory
tests, the specimen was oscillated with controlling the input
shear strain amplitude and frequency; meanwhile, the storage
and loss moduli and complex viscosity of the specimen were
measured. The storage modulus G’ represents the elastic property
of the viscoelastic behavior of MRSTFs, in which quasi describes
the solid-state behavior of the sample. The loss modulus G”
characterizes the viscous portion of the viscoelastic behavior,
which can be seen as the liquid-state behavior of the sample. The
complex viscosity #  represents the frequency-dependent
viscosity function determined for a viscoelastic fluid by
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TABLE 2 | Table representing the ratio between maximum viscosity vs critical
viscosity for different concentrations of Fe particles.

MRSTF Viscosity at the Maximum viscosity Shear thickening
critical shear Nmax effect 70,
rate 7,
0% Fe 0.80 20.1 25.13
5% Fe 1.05 121 11.52
10% Fe 1.44 12.2 8.47
15% Fe 13.35 16.5 1.24

subjecting it to oscillatory shear stress (Han et al, 2016). In
the dynamics oscillatory amplitude sweep test, the shear strain
amplitude was increased stepwise from 0.01% to 100% while the
frequency was maintained at a constant value of 1 Hz. This kind
of test was used to describe the behavior of the specimen, by
which we can obtain the specimen’s limit of the linear viscoelastic
region (LVE) as well as its viscoelastic character. In the dynamic
oscillatory frequency sweep test, the applied frequency increased
stepwise from 0.1 to 100 Hz while keeping the shear strain
amplitude constant at 1%. The frequency sweep was generally
used to describe the behavior of the samples at slow changes of
stress as well as time-dependent behavior of a sample in the
nondestructive deformation range.

All experimental data were collected using the sensors
embedded in the rheometer and transferred simultaneously to
a PC, in which the software Rheoplus was used to display the data
in both curves and tables. All data were exported from the tables
in Rheoplus into Excel and plotted.

RESULTS AND ANALYSIS

Steady-State Test

The steady-state test for all MRSTFs was performed where
MRSTF samples were rotated isothermally by varying the shear
rate from 0.1 to 1,000 s™'. Figure 3 represents the rheological
property of all four MRSTFs at 25°C. It can be observed that for
0% Fe shear rate increase from 1 s~ to the critical shear rate ,
(around 30 s71), a shear thinning behavior is observed, with a
local minimum viscosity of #, = 0.8 Pa.s. When shear rate
increases from critical shear rate to the maximum shear rate
Vinay (around 600 s '), a shear thickening effect is observed with
a maximum viscosity of #,,,. = 20.1 Pa-s. The shear thickening
effect of the STF is defined as a ratio between of the maximum
viscosity over the viscosity at the critical shear rate
Hmax/ M = 25.13. With the increase of the iron concentration
in MRSTF, the viscosity of MRSTF increases. Meanwhile, the
local minimum viscosity of the MRSTF increases, which
decreases the shear thickening effect. Table 2 represents the
shear thickening effect of all MRSTFs depending on the iron
concentration.

Figure 4 shows the viscosity of 15% Fe versus shear rate under
different magnetic fields. It is obvious to see that with the increase
of applied magnetic flux density, the viscosity of the sample
increases, which is the evidence of the magnetorheological (MR)
effect. It is also noted that this MRSTF sample shows a clear shear
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FIGURE 5 | Storage and loss moduli and complex viscosity versus shear
strain amplitude for 0% Fe.

thickening effect without magnetic field, and the shear thickening
performance gets weaker when the applied magnetic field is
stronger. At 330 and 440 mTesla, the shear thickening effect
was not able to be observed as the viscosity of the sample is
dominated by the magnetic field. Similar trends have been
observed in the MRSTF with 5% Fe and 10% Fe.

Dynamic Oscillatory Amplitude Sweep Test
Dynamic oscillatory amplitude sweep tests were performed where
sinusoidal strain amplitude was applied from the range of 0.01 to
100%, while keeping the frequency constant at 1 Hz, at the
constant room temperature of 25°C. Figure 5 shows the
storage and loss moduli and complex viscosity versus shear
strain amplitude for 0% Fe without magnetic field, which is
the base STF without iron particles.

Figure 5 shows that the storage modulus of 0% Fe does not
change too much within 10% shear strain amplitude, which indicates
that the limit of linear viscoelastic range for the 0% Fe is 10% shear
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FIGURE 6 | Complex viscosity n* of 15% Fe as a function of shear strain
amplitude y under different magnetic fields.

strain amplitude. The loss modulus and complex viscosity of 0% Fe
both stay steady within 20% shear strain amplitude and then slightly
decrease with the amplitude increases. The loss modulus of 0% Fe is
greater than its storage modulus in the amplitude sweep test, which
means the 0% Fe shows a liquid state in this test.

The magnitudes of the magnetic field used in the tests were 0,
110, 220, 330, and 440 mTesla. Figure 6 shows how the complex
viscosity of 15% Fe changes with increasing shear strain
amplitude under different magnetic fields.

We can clearly see how complex viscosity increases when
stronger magnetic field is applied, which proves the strong MR
effect of 15% Fe. This trend has been observed for all three
MRSTFs. It is also noted that the under each magnetic field,
complex viscosity increases when strain amplitude starts from
0.01% and reaches a plateau value, after which it started to
decrease and reached its minimum value when the strain
amplitude range approaches 100%.

Figures 7 shows storage and loss moduli of 15% Fe as a function
of shear strain amplitude for the range from 0.01 to 100%,
respectively. It is evident that each time a stronger magnetic
field is applied, both storage and loss moduli increase. This
proves the MR effect of MRSTF again. When the applied
magnetic field increases from 330 to 440 mTesla, the increase of
moduli is relatively smaller than the increase at lower magnetic field,
which is due to the saturation of the MRSTFs. For each curve of the
storage modulus versus shear strain amplitude, the storage modulus
shows a linear range at lower strain amplitudes and decreases after a
critical value of the shear strain amplitudes is reached. It is observed
that the linear range of storage modulus decreases at a stronger
magnetic field. The samples 5% Fe and 10% Fe also had trends
similar to the 15% Fe sample.

Dynamic Frequency Oscillation Sweep
Testing

Dynamic oscillatory frequency sweep tests were performed where
shear strain amplitude was kept constant at 1%, while varying the
frequency from 0.1 to 100 Hz, at a constant room temperature of
25°C. In this frequency sweep test, storage and loss moduli and
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the complex viscosity were measured under different magnetic
fields of 0, 110, 220, 330, and 440 mTesla. The complex viscosity
of 15% Fe versus frequency under different magnetic fields is
shown in Figure 8.

With the increase of applied magnetic field, the complex
viscosity of 15% Fe has higher values, which is the MR effect
due to the iron particles. It is also noted that without magnetic
field (0 mTesla), the complex viscosity has an increase region
which is between two decrease regions. The increase of complex
viscosity is from the base STF which is the evidence of the shear
thickening effect. However, when the applied magnetic field gets
stronger, the shear thickening effect is weaker and the complex
viscosity mainly shows a decrease trend with increase in the
frequency. The reason of this phenomenon is the iron particles in
MRSTF, which influence the formation of hydro-clusters causing
the shear thickening. Consequently, the MRSTF behave more like
an MRF when the applied magnetic field is high enough.

Storage and loss modulus were also analysed in the frequency
sweep tests, and they are summarized in Figure 9.

Figure 9 shows the storage and loss moduli as functions of
frequency for the 15% Fe under different magnetic fields. Again, it
is evident from the MR effect that each time a stronger magnetic
field is applied, the storage and loss moduli both increase. When
the applied magnetic field increases from 220 to 440 mTesla, the
increment is smaller than that with lower magnetic field.

In Figure 9a, it is noted that for each curve, the storage
modulus increases with the applied frequency, and the increase
trend is stronger at lower magnetic field than the higher magnetic
field. In Figure 9b, the loss modulus of 15% Fe shows an increase
without magnetic field, and it mostly remains constant under an
applied magnetic field, which means that the iron particles in
MRSTF are greatly affected by the magnetic field. For 5% Fe and
10% Fe, trends were observed to be similar to the 15% Fe.

Comparison Among the
Magnetorheological Shear Thickening
Fluids

For the steady-state tests performed on the MRSTF with 15% iron
content displayed in Figure 4, where viscosity is observed as a
function of shear rate and different magnetic fields, it can be
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FIGURE 8 | Complex viscosity #* as a function of frequency under
different magnetic fields.

concluded that the increase of iron particle concentration and
magnetic field obviously restrain the shear thickening
phenomenon. The shear thickening can only be observed at a
higher shear rate and zero magnetic field (0 mTesla) or very low
magnetic field (110 mTesla). Obviously, with the increase in the
magnetic field, the MR effect improved but shear thickening cannot
be observed in experiments because of the high concentration of
iron particle. When the magnetic field is greater than 220 mTesla,
the 15% Fe shows an obvious shear thinning behavior and the
viscosity increased with magnetic field strength as expected, i.., it
shows the MR effect like conventional MR fluids.

The shear thickening performance #,, ax/y, Was only recorded
for 0 and 110 mTesla in the amounts of: 8/0.928 = 8.62 and 9/6 =
1.5. This proves that the high micron-particle-based MRSTFs
have similar behavior to conventional MR fluids.

To assess the magnetorheological and shear thickening behavior
of MRSTF, the following graphs are collated to compare the storage
and loss moduli as functions of strain amplitude and frequency for
all MRSTFs with different iron concentrations.

Figures 10 and 11 compare the storage and loss moduli of all
four MRSTFs in shear strain sweep tests and frequency sweep at
the magnetic field of 440 mTesla, respectively.
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In Figures 10 and 11, at 440 mTesla magnetic field, the
MRSTF with higher iron concentration show higher storage
and loss moduli, which is due to the contribution of iron in
MRSTFs. As shown in Figure 11, it is noted that in frequency
sweep at 440 mTesla, the storage modulus of all MRSTFs has an
increase trend and the sample with lower iron concentration has a

larger increase. For loss modulus, the graphs for 0% Fe and 5% Fe
show an increase after the 1 Hz frequency, and the increase is
weaker in the sample with 5% Fe. With the higher iron centration,
the 10% Fe and 15% Fe do not show any increase in loss modulus.
At other magnetic fields, the comparisons among all samples also
have similar trends.
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FIGURE 12 | Correlation between iron particle weight fraction and
applied magnetic flux density.

Figure 12 summarizes and presents the behavior of MRSTF
with various iron particles at different weight concentrations (0, 5,
10, and 15%) and under different magnetic flex densities (0, 110,
220, 330, and 440 mTesla).

For the MRSTFs, they can behave in three different regions,
namely, STF region, MRSTF region and MRF region. In STF
region, it only shows shear thickening effect and the MR effect
does not exist. It can be clearly observed that the MRSTF with
zero iron content is in the STF region. With the increase of iron
concentration in MRSTFs, they experience both shear
thickening phenomenon and MR effect when neither of the
iron concentration nor applied magnetic field has high values.
It is worthy to state that with the increase of either iron
centration or applied magnetic field, the MRSTFs behave
closer to the MRF and show lower shear thickening effect.
In the MRSTF region, the MRSTFs can be controlled by both
magnetic field and applied shear rate. When both the iron
concentration and the magnetic field reach high values, the
MRSTF behave in the MRF region, where the shear thickening
effect diminishes with only presence of MR effect, so the
viscosity of the fluids depends purely on the strength of the
applied magnetic field.

It can be predicted that for the MRSTF with the iron
concentration higher than 15wt%, the boundary of MRF
region and MRSTF region will be at lower magnetic field than
the 15% Fe MRSTF. Similarly, if the 5% Fe MRSTF is under the
magnetic field much stronger than 440 mTesla, the transition
from the MRSTF region to the MRF region will occur. The three
regions can be used as a guideline on the design of MRSTF, which
will benefit the applications of MRSTF as well.
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A methodology is proposed for designing a mathematical model for shock absorbers; the
proposal is guided by characteristic diagrams of the shock absorbers. These characteristic
diagrams (Force-Displacement, Velocity-Acceleration) are easily constructed from
experimental data generated by standard tests. By analyzing the diagrams at different
frequencies of interest, they can be classified into one of seven patterns, to guide the design
of a model. Finally, the identification of the mathematical model can be obtained using
conventional algorithms. This methodology has generated highly non-linear models for 2
degrees of freedom magneto-rheological dampers with high precision (2-10% errors).

Keywords: semi-active, modeling, magnetorheological, shock absorber, simulation

1 INTRODUCTION

A dynamic mathematical model for an automotive shock absorber must accurately simulate its
behavior and accommodate nonlinearities (e.g., friction, hysteresis, and inertia) over a frequency
range with a maximum value lower than 30 Hz in the automotive field. The characteristics of the
Force-Velocity (FV) and Force-Displacement (FD) diagrams of an automotive shock absorber are
crucial. Table 1 summarize the acronym definitions. Many modeling methods currently exist. The
ideal method needs to be generic and allows the adjustment of a model based on a visual analysis of
the characteristic diagrams because these provide the information for the design of the suspension. A
Passive (p) Shock Absorber has a damping capacity defined by its mechanical design that varies with
the displacement and oscillation frequency. Its FV and FD characteristic diagrams are constant, and
it may be designed for comfort or surface grip (or a balance of both). Semi-Active (SA) shock
absorbers have a capacity defined by their mechanical design and by an external signal that causes
one of its mechanical properties to vary. When there is no external signal, their state is P. Their FV
and FD diagrams can vary. The three most commonly used commercial technologies are p, Magneto-
Rheological (MR), and Electro-Hydraulic (EH); these are compared in Table 2.

Some models have been developed with parameters that have no physical meaning, such as 1) p,
Duym (1997), 2) MR, Choi et al. (2001) and Savaresi et al. (2005b), and 3) EH, Codeca et al. (2008). The
models that have parameters with physical meaning, such as the phenomenological models, are also
classified as 1) p, Duym (2000) and Carrera-Akutain et al. (2006), 2) MR, Wang and Kamath (2006)
and Choi et al. (2001), and 3) EH, Heo et al. (2003). Examples of models whose parameters are linked
to the characteristic diagrams are 1) p, Basso (1998) and Calvo et al. (2009) and 2) MR, Guo et al. (2006)
and Ma et al. (2007). The latter are of primary interest because the parameters can predict the efficiency
of the shock absorber during a vehicle maneuver. Table 3 summarizes the variables definition.

Frontiers in Materials | www.frontiersin.org

142 February 2021 | Volume 7 | Article 590328


http://crossmark.crossref.org/dialog/?doi=10.3389/fmats.2020.590328&domain=pdf&date_stamp=2021-02-08
https://www.frontiersin.org/articles/10.3389/fmats.2020.590328/full
https://www.frontiersin.org/articles/10.3389/fmats.2020.590328/full
https://www.frontiersin.org/articles/10.3389/fmats.2020.590328/full
http://creativecommons.org/licenses/by/4.0/
mailto:jorge.lozoya@tec.mx
https://doi.org/10.3389/fmats.2020.590328
https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles#articles
https://www.frontiersin.org/journals/materials#
https://www.frontiersin.org/journals/materials#editorial-board
https://www.frontiersin.org/journals/materials#editorial-board
https://doi.org/10.3389/fmats.2020.590328

Lozoya-Santos et al.

TABLE 1 | Acronym definitions.

DoF Degree of freedom
EH Electro-hydraulic

FD Force displacement

Fv Force velocity

MR Magneto-rheological
p Passive

SA Semi-active

Because the FV diagram resembles a sigmoid function, three
models have successfully used trigonometric functions
(hyperbolic tangent and arc tangent) to model hysteresis.
Kwok et al. (2006) proposed using a function that includes
hysteresis based on the sign of the displacement:

Fiywok = tanh| 1y + hpesign(2) (1)

dampening hysteresis
Guo et al. (2006) introduced a function that depends on both
the sign and the displacement magnitude:

Fg. = tanh 2)

ToreZ  + Mprez
prem e
dampening  hystresis
Cesmeci and Engin (2010) combined the force and hysteresis
using a sigmoid function and the acceleration sign:

FCes =tan™! ToreZ  + Nypesign (2) 3)

dampening hysteresis

The results are satisfactory in terms of the FV diagrams for
constant frequencies, amplitudes, and excitations, but are
nevertheless limited in precision in terms of dynamics. Sims
et al. (2004) proposed a method of high precision results, but the
model was not generalized and required specific tests. Ma et al.
(2007) proposed the modification of p shock absorber models by
multiplying the force by a current-dependent force. Boggs (2009)

Modeling Approach for Shock Absorbers

developed a nonlinear model that included hysteresis using a
delay of force with a first-order filter; it did not include the friction
associated with the stiffness of the mechanical design. All the
proposals presented above are computationally costly. Table 4
compares these models.

A generic model design method based on characteristic diagrams
to obtain a model that can be identified and simulated with a generic
tools is proposed, Lozoya-Santos et al. (2015). The methodology
proposes the decomposition of the measured force in two
components: p and SA force components, Figure 1.

This paper deals particularly with the suitability of this method to
understand and model a damper using its characteristic diagrams
when it has one damping control input. The specimen to be used in
this work has two control inputs, Golinelli and Spaggiari (2017):
electric current and the pressure in the accumulator. In this context,
the work focuses on the application of the method to analyze the effect
of more than one control input on the damping force and in the
characteristic diagrams, and a further method extension to include
such effects. Other phenomenal aspects such as cavitation due to a
fault of the damper and leaks of oil or pressure from the damper are
out of scope. Section 2 presents the fundamentals of the method, and
Section 3 describes the method. The proposal is demonstrated using a
case study in Section 4 where all steps are implemented in detail.
Finally, the research project is concluded in Section 5.

2 FUNDAMENTALS

The total force of a semi-passive shock absorber can be expressed
with two terms, Dixon (2008):

(4)

where Fp is the total force given a certain excitation M, F, is the
term related to mechanical phenomena, and Fsuy is the term
related to the excitation M.

When Fp, = Fp, the shock absorber is p.

Fpim = Fp + Fsam

2.1 Characteristic Diagrams

The characteristic diagrams show the kinematic performance
when the excitation is zero Fpjy = 0. When force Fsaparzo0 =
Fpimzo — Fp is evaluated, the characteristic diagrams are

TABLE 2 | Comparison of the different shock absorber technologies.
Characteristic P

Low
Constant flow

Hysteresis
Principle

Excitation
Excitation range
Power

Speed of response

Other applications Safety
Advantages Maintenance cost
Disadvantage Performance
Technological maturity High

Service life 80,000 km
Relative cost [%)] 100

MR EH

Low
Area of variable flow
Electric current

Low
Change of viscosity
Electric current

0-25A@12V 0-5A

30W >60 W

15-40ms 10-60ms

Clutches, brakes, prosthesis Flow control
Actuation system Proportional response
Cost Maintenance

High High

32,000 km 40,000 km

~5,000 ~7,000
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TABLE 3 | Variables definition.

Variable Description Units
Q Frequency rads/s
A Amplitude mm
M Excitation (exogenous variable) —
Ka, Kp High and low stiffness N/m
Ksa Semi-active stiffness N/m
In the pre-yield zone for Fsau
Z Displacement m
z Speed m/s
b4 Acceleration m?/s
Ca, Cp High and low damping slope Ns/m
Csa Semi-active damping in the pre-yield zone for Fsau Ns/m
My Body mass of the shock absorber kg
Msa Virtual mass of the shock absorber when M >0 kg
Friwok Nonlinear force of kwok model Kwok et al. (2006) N
Iore Coefficient in the pre-yield zone related to damping s/m
hpre Coefficient in the pre-yield zone related to hysteresis 1/m
Fauo Nonlinear force of the guo model Guo et al. (2006) N
Fges Nonlinear force of the GCesmeci model Cesmeci and Engin (2010) N
Fom, Fp Damping force N
Fp, Fsam Damping force, p and SA component of Fpp N
{a,b,c,d,e,f,g,h} Straight lines in the characteristic diagrams -
{A,B,C,D,E,F,G,H} Points in the characteristic diagrams —
Ko Stiffness in p shock absorber model N/m
Cp Damping in p shock absorber model Ns/m
Cpre Damping coefficient in pre-yield zone Ns/m
Cpos Damping coefficient in post-yield zone Ns/m
fo Constant damping force N
T Response time constant of Fpy due to excitation changes S
wB, wM, wA Bandwidth for low, medium and high frequencies Hz
Vi Speed threshold for changing from pre-yield to post-yield zone for Fp m/s
Vo Speed threshold for changing from pre-yield to post-yield zone for Fgap m/s
9gsa Slope of the semi-active force due to the excitation applied, M N/(Excitation units)
0 Aucxiliary variable
coefficientsupscript+ Coefficient with respect to Z >0 —
coeffcientsuoscript- Coefficient with respect to Z<0 —
Fs, fs Sigmoidal damping force on Fp N
frz Sigmoidal damping force with hysteresis due to z for Fp N
f 5 Sigmoidal damping force with hysteresis due to Z for Fp N
Tore-czm Damping force in the pre-yield zone dependent on z for Fsa N
fore-czMm Damping force in the pre-yield zone dependent on Z for Fsa N
fes Sigmoidal damping force magnitude N
fh1 Damping force magnitude for f,, N
fno Sigmoidal damping force magnitude for fhz N
rs Damping coefficient sigmoidal for Fp s/m
hs Damping coefficient sigmoidal with hysteresis for Fp 1/m
ry Damping coefficient in the pre-yield zone due to z for Fp s/m
h, Damping coefficient in the pre-yield zone with hysteresis due to z for Fp 1/m
ry Damping coefficient in the pre-yield zone due to Z for Fp s/m
h Damping coefficient in the pre-yield zone with hysteresis due to Z for Fp 1/m
im Damping coefficient sigmoidal due to Z for Fga s/m
o Damping coefficient in the pre-yield zone due to z for Fga s/m

denoted as SA and show the controllable dampening variation
due to an exogenous variable, ideally independent of the
kinematics.

The exogenous variable affects the SA characteristic diagrams
depending on the technology. For MR and ER, the variable
modifies the fluid and therefore the dynamic of the stiffness
and dampening coefficients in the FD and FV diagrams. For EH,

the FV diagram will vary proportionally to the exogenous
variable, and the dynamics of the FD diagram are
independent. The FD, FV and force-acceleration (FA)
characteristic diagrams shown in Figure 2 can be represented
by eight lines {a, . . ., h} and eight points {A, . .., H}; each x line is
followed by a point X. These points represent events caused by
kinematics and/or the exogenous variable and are common in the
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TABLE 4 | Models comparison.

Author/Year Sims et al. (2004)

Goal Prototyping and simulation
Experiments Standard/Variable

Parameters Kp» Cp> Md, Cpre> Cpos
Bandwidth 0-15 Hz

Nonlinearity Friction, hysteresis
Technology ER, MR

Model Algebraic with tanh
Advantages Parametric

Disadvantages Multiple experiments, complex

Modeling Approach for Shock Absorbers

Ma et al. (2007) Boggs (2009)

Simulation Simulation
Standard Standard

Depend on the model Kps Cp»Fs, T
0-5Hz 0-15Hz
Semi-active yield Hysteresis

MR p

Dependent of excitation Nonlinear dynamics
— Computation

No meaning on characteristic diagrams

Displacement
amplitude

Pressure Factory of
CHaracteristic

Diagrams (CHD)

Frequency

Electric current

. Shock
Passive CHD Absorber
Modeling Model
Semi-Active approach based F——

CHD

FIGURE 1 | General block diagram of the CHD-based approach for shock absorbers modeling.

on CHD

three diagrams; we refer to them as characteristic points. The
direction of the curves is clockwise in the FD and FV diagrams
and counterclockwise in the FA diagram.

There are three types of points in the characteristic diagrams.
Yield point is the point at which the slope of the line decreases. In
the FV and p diagrams, this point is related to the actuation of
valves with a larger orifice at a limit speed. In the FV and SA
diagrams, it is related to the change in behavior of the fluid
(viscous to viscoplastic). Point of return is the point at which the

speed changes direction and the slope of the line changes sign. It
is present in all FV diagrams. Restoring point is the point at which
the slope of the line increases with the same sign. In the FV and p
diagrams, it occurs when the valve system deactivates the larger
orifice valves and increases the damping. In the FV and SA
diagrams, the chains formed by the magnetic phenomenon in
the MR/ER fluid are restored, causing a sudden increase in the
viscosity of the fluid. The yield and restoring points are related to
the two main damping coefficients: high and low coefficient,

A FD Diagram B FV Diagram
Jounce Jounce
a b Hsa A
Z f }{—I/}A\N‘E\ — f B ﬁ|7.
o f; C 'E'fo VTAG. > Jounce
E f(; R .g; g f(;Pphmmd (}L’/_‘j\ g
F € L
Ram'm Eee F
) do ve 0 v
Displacement [m] Velocity [m/s]
C FA Diagram
Jounce Jounce
b A,

¢ B—" | i

< c/'\/ h

(0] foC 3

©90 \ IAS

S-f. d\ 2 48

L D S F

Rebound E ebound
do
Acceleration [m/s?]
FIGURE 2 | Characteristic diagrams.
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TABLE 5 | Characteristic points in the FV diagram.

Operation Compression Extension p SA
Lines a,b,c,h d,e,f,g w w,M
Yield H D w, o M, w, a
Restoring F B w, M, w, «
Return A E w, M
TABLE 6 | D line diagram for the p and SA cases.
Lines P SA

wB oM wA wB oM wA
A kp -0 -0 Ksa -0 ~0
B Kp -0 -0 Ksa -0 ~0
C Kp Ka Ka Ksa Ksa Ksa
D Kp Ka Ka Ksa Ksa Ksa
E Kp -0 -0 Ksa -0 ~0
F kb d O d 0 KSA d 0 ~ O
G Kb Ka Ka Ksa Ksa Ksa
H Kb Ka Ka Ksa Ksa Ksa
Variable with more

influence In the Q w,M M

Characteristic diagrams

Rakheja and Sankar (1985), Warner (1996), Hong et al. (2002),
and Savaresi and Spelta (2007). A ratio higher than 5:1 for the
high/low coefficient in extension and compression can be used for
a symmetric shock absorber, and a ratio higher than 2:1 in
compression can be used for an asymmetric shock absorber.
Any changes in these specifications in the FV diagram will be
reflected in the FD and FA diagrams. Table 5 shows the quadrants
where the characteristic points are found based on the FV
diagram.

The analysis of the characteristic diagrams will be performed
in three frequency ranges relevant to the automotive field: low
frequency (wB) [0.5-3] Hz, medium frequency (wM) [3-7] Hz
and high frequency (wA) [7-15] Hz, Warner (1996). The slopes
of the lines and coordinates of the characteristic points change
according to: 1) oscillation frequency, w; 2) oscillation amplitude
(@) of the displacement of the piston in the p diagrams (p), and 3)
the exogenous variable M.

In p diagrams, FD diagrams (Figure 2A) show a low stiffness,
represented by slope k; in all lines for wB. The slope of the
stiffness increases, k, in lines ¢, d, g, h, and in lines a, b, e, f it tends
to be zero for frequencies in the [wM — wA] range. The slopes
always have the same sign as the speed sign(z), Table 6 (the
variables that most affect the slopes are shown). In the SA
diagrams and FD diagrams, the lines have a kg4 slope that is
similar across the speed range in wB. This slope is the same for
lines ¢, d, g, h and tends to be zero in lines g, b, e, f for wM and wA.
The slopes are always positive, Table 6.

The p diagrams and FV diagrams (Figure 2B) reveal high
damping, represented by slope ¢, in all lines for wB. With
damping, the slope ¢;, does not change in lines ¢, d, g, h, and
inlines a, b, ¢, f tending to be a low damping, the slope ¢, tends to
be less for frequencies in the [wM — wA] range. In the wA ¢, — 0

Modeling Approach for Shock Absorbers

TABLE 7 | FV line diagram for the p and SA cases.

Lines p SA

wB oM wA wB oM wA
A Ca Ch -0 Csa -0 ~0
B Ca Ch -0 Csa -0 ~0
C Ca Ca Ca Csa Csa Csa
D Ca Ca Ca Csa Csa Csa
E Ca Ch -0 Csa -0 ~0
F Ca Ch -0 Csa -0 ~0
G Ca Ca Ca Csa Csa Csa
H Ca Ca Ca Csa Csa Csa
Variable with more

influence In the w w,M M

Characteristic diagrams
TABLE 8 | FA line diagram for the p and SA cases.
Lines p SA

wB oM wA wB oM wA
A -0 mp mp -0 -0 Msa
B -0 mp mp -0 -0 Msa
C — 00 mp mp — 00 — 00 — 00
d — 00 mp mp — 00 — 00 — 00
e -0 mp mp -0 -0 Msa
f -0 mp mp -0 -0 Msa
g — 00 mp mp — 00 — 00 — 00
h — 00 mp mp — 00 — 00 — 00

Variable with more
influence In the
Characteristic diagrams

range, Table 7, the slopes are always positive and affected by w. In
the SA diagrams, with regard to the FV diagrams, a large damping
csa of the lines is similar across the speed range in wB. This slope
is the same for lines ¢, d, g, h, and tends to be zero in lines a, b, e, f
for oM and wA. The slopes are always positive and are mainly
affected by w and M at low frequencies and by M only in wM and
wA, Table 7.

In the p diagrams, FA diagrams (Figure 2C), the slope is almost
zero in lines a, b, e, f and infinite for ¢,d, g, h in wB. Acceleration
does not affect the force. The slope md appears in all the lines
[wM — wA]. The frequency greatly affects the force due to its
quadratic effect on acceleration. The slopes are always positive,
Table 8. In the SA diagram, the slopes in wB and wM are the
same as in wB in the p diagrams. The acceleration has no effect on
the SA force. At high frequencies, wA, it is possible to observe a
positive slope, mg, for yield lines a, b, e, f. The acceleration does not
affect the SA force significantly, Table 8.

A model is presented for each frequency range; for wB is:

®)

Fpm = kpsign (2)z + ¢,z + mysz + M[ksaz + csaZ]
Fp

Fsaim

For frequencies wM and wA, the force components Fp and
Fsam of the proposed model in Eq. 4 are as follows:
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FIGURE 4 | Types of FA characteristic diagrams.
kosign (2)z + ca2 + maz  Z2<v The FD diagram shows a constant compressibility, k;, with
Fp = Fy(vi) + 7 + myz Z>w ©) perfect ovals, Figure 3A. The FV diagram is a line with high
Mk . . damping c,, Figure 3B. Slopes D, C, G, and H are equal. Lines A,
Foam = { ME saZ + C(S{“)? . ,Z: V2 7) B, E, and F have zero length. It is highly unusual for these to show
sasIgN 2] + msaZ 2> V2 hysteresis in the FV diagram. The effect of acceleration is

The three equations are similar to that presented by Joarder
(2003); however, the characteristic points are dynamic and have a
function of frequency w, amplitude a, and excitation M, Table 5.
To propose a generic dynamic model, we classified the
characteristic diagrams FD, FV, and FA according to the
frequency range and the combination of characteristic points.
The proposed classification has seven patterns: 1) Type 0 for wB,
2) Types (1, 2, 3, 4) for wM, and 3) Types (5, 6) for wA.

Type-0. In diagrams p, points A, B, and H are equal in
compression and points D, E, and F are the same between
them. If the shock absorber is asymmetric, the slopes of lines
d and g are the same and different from those of lines ¢ and h,
which have the same slope, Figure 3. If the shock absorber is
symmetric, then E = -A, D = -H and F = -B.

negligible, Figure 4A. The frequency and amplitude of the
displacement increases the magnitude of the characteristic
points. In the SA diagrams, the frequency and amplitude of
the displacement as well as the exogenous variable increase the
characteristic points. The latter is the most significant in the
ordinates of the points.

Type-1. In the p case, this is the ideal type for an automotive
shock absorber, Figure 5. The yield, restoring, and return points
are all present. The high slopes of lines ¢ and h, and of d and g are
equal, just as the slopes of lines a and b in compression, and fand
e in extension are the same. The yield points H and D, and
restoring points B and F are the same between them in the
compression quadrants, as well as the two that correspond to the
extension quadrant. There is no hysteresis. The effect of
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FIGURE 7 | Characteristic diagrams at wM, Type-3.

acceleration is negligible, Figures 4A and 4B. This type does not
exist in SA systems.

Type-2. These are the typical diagrams of an automotive shock
absorber, Figure 6. The difference with respect to Type-1 is that
the abscissa and ordinate of the yield point H are greater
compared to the restore point B. This causes hysteresis at high
speed due to the viscosity of the fluid. The effect of acceleration
may not be significant, Figure 4B. This diagram type is typical of
SA diagrams, although it is regularly idealized at high speeds and
represented as Type-1. The characteristics of the MR/ER fluid
define the dynamic of the yield and restoring points.

Type-3. This type is also observed in automotive applications,
Figure 7. The abscissa and ordinate of point B are smaller than
those of point H, resulting in line b being longer than line a. The
abscissa of B is much smaller than that of H; in particular, point B
is closer to zero in the horizontal speed axis and further from zero

in the horizontal displacement axis. This behavior causes
hysteresis at low speed due to the compressibility of the fluid.
When there is symmetry, point F = -H, and point F = -B. The
effect of acceleration is negligible Figure 4A. These phenomena
are typical in SA diagrams, but at high frequencies the viscosity of
the MR/ER fluid does not have as fast a response as the oscillation
frequency, causing a difference in the yield and restore points and
generating hysteresis.

Type-4. This type is atypical of p diagrams. It is the expected
response of force Fsajy-c in a shock absorber, Figure 8. The
force is independent over almost the entire speed range, except in
the vicinity of z = 0. If the force in this vicinity tended to be zero,
then force SA would be ideal. The slopes of g, b, f, and e are zero
due to the independence of speed at medium and high
magnitudes. The yield points are H and D = -H, and the
restore points are B and F = -B for symmetric cases. The
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FIGURE 9 | Characteristic diagrams at wA, Type-5 and Type-6.

points of return A and E = -A are equal, and their ordinate is equal
in magnitude to yield points H and F = -H. The ordinate of the
yield points is proportional to the magnitude of the exogenous
variable. The slopes of lines ¢, d, g, and h may be sensitive to speed
and to the exogenous variable and can increase as either variable
increases. The change of the abscissa is very small, from five to 1.
There is no hysteresis in the FV diagram, and the effect of
acceleration is not significant, Figures 4A or Figure 4B.

Type-5. In p diagrams, this type may appear in extreme
operating conditions, Figure 9. It is a mix of Type-2 and
Type-3, and there is hysteresis due to the compressibility and
viscosity phenomena of the fluid. The effect of acceleration may
be significant, Figure 4C. This type is atypical of SA diagrams
unless the shock absorber is ER/MR or if there is hysteresis in the
response of the proportional valves.

Type-6. This type is very unusual for an automotive shock
absorber, Figures 9C and 9D. The ordinates (force) of restore
points B and F increase, and the ordinates of yield points D and H
decrease. Due to the high frequency (speed), the yield and restore
points occur faster, namely, Types-2 and Types-3 are inverted

because the mechanical components are forced and do not
recover their designed operating condition. The effect of
acceleration is highly significant, Figure 4D. This type is
atypical of SA diagrams.

2.2 Generic Model Definition
The proposed generic model of the shock absorber includes two
terms.

Fp = Fpy_ + Fsas -

8)

where Fp, _ is the component of the damper force Fp, associated
with the passive part, that is, when the input (exogenous input, for
example current) is zero, Fss. _ is the component of the damper
force Fpp when the input (exogenous input, for example current) is
different from zero, that is to say, it is the semi-active component
(SA) of the shock absorber. The subscripts +, — can represent the
mechanical exerted force of the shock absorber when the velocity
is positive, +, or negative, —. In model identification, the
parameter identification method gets the values of the model
parameters using two sets of the data. Each set corresponds to
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positive and negative velocity, respectively. This model definition
applies if the FV characteristic diagram presents non-linear and
non-isotropic behavior (e.g., the behavior is not similar when the
shock absorber is in a state of tension rather than in
compression), Figure 10B.

Fp term definition. The first term is Fp, which models the
behavior when an exogenous variable is not applied;

Fo=fo+cz+kpz+mpZ+fi+fu+f,; ©)
where:
1z + hsz
ﬁ_ﬁ<1ﬂwﬂhﬂ>

1.2 + h,sign(z)
1+ |rzz' + h,sign (z)|

Sz :ﬁ11<

)
)

Equation 9 is the Fp term of the force of the SA shock
absorber. Coefficient f; is an initial compensation force; ¢, is
the viscous damping coefficient that describes the speed
dependent force and is related to as ¢,. The internal stiffness
coefficient, k,, represents the displacement dependent force and is
related to k,. The virtual mass mp describes the acceleration
dependent force, f; = Fgyo which is the damping force that
represents the sigmoidal behavior. Finally, terms f, ; = Fxyox and
fuz = F,, model the hysteresis effect at wB and wA. To ensure a
computationally efficient system, it uses a squash function,
Yonaba et al. (2010), f(8) = 6/(1 + |0]) where 0 is the function
argument that defines the sigmoidal form, instead of the
frequently used hyperbolic tangent.

Fg, term definition. The second term is the Fgy, which models
the force when the exogenous variable acts on the damping, Eq. 8.
Because the shock absorber SA may have asymmetric behavior in
the FV diagram, the coefficients of the model are different for
positive and negative speeds.

1,2 + hysign (2)

o=

1+ |riz + hysign (2)]|

TABLE 9 | Rules for modeling the p diagrams. wA

Model Type of diagram Function
wB oM wA

Simple Oor 1 1 fs
Oor1 1 a

Inertial simple Oort 1 2 fs + fh,z"
Oor1 2 2
Oor1 2 6
Oor1 1 6

Stiff simple Oor 1 3 fs +
Oor1 3 3

Complete Oor1 2 5 fs +foz + fhz"
Oor1 3 5

Indicates a simple model fits for low and medium frequencies domains, i. e., the
precision at wA is not significant.

Forewcimt = M
pre-ceM 1+ |rz»,Mz'M |

(2

Equation 10 is the Fgs term, where g4 is the gain in force per
each M unit, the f,.—;,u term simulates force SA at low speeds at
which damping depends on the speed and excitation, and fpre—cm
simulates the stiffness effect on force SA.

rz,M%Z

1+ |z

3 MODELING APPROACH

This methodology is divided in four steps, Figure 10A.
Step 1: Pattern classification.

The first step of the methodology is to classify the pattern of
the characteristic diagram that was generated experimentally
from the shock absorber. This classification allows the
definition of the specific model equation from a set of options.

Fsp = Mgsa [ﬁ’ ez + fp ’H’Z] (10) The classification uses the type patterns defined and built for the p
where: and SA forces: {Type-0, ..., Type-6 } according to Section 2.1.
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TABLE 10 | Rules for modeling the SA characteristic diagrams.

Model Type of diagram Function

wB oM wA Option 1 Option 2
Simple Oor4 4 4 Tore-c2m —
Complete Oor4 4,605 6orb Tore-cim Tore-cim + Tore—c.z

Step 2a: Modeling Rules for the Fp term.

A set of rules defines the model for the Fp term, Table 9. If the
shock absorber is passive, the method considers only these rules.
The base Eq. 9 suits the shock absorber performance in terms. To
perform this step, it must have computed all the characteristic
diagrams in the bandwidths of interest and for the displacement,
velocity and acceleration. The logic to follow is: if the type of
diagram in the wB, wM and wA bandwidths corresponds to a set
of column values, then the Fp term of the Fp model adds the term
indicated in the column Function to the term
Fp = fo + ¢z + kyz + mpzZ. Then, the Fp term takes the name
indicated in the Model column of Table 9.

Step 2b: Modeling Rules for the Fss term.

Similarly, a set of rules defines the model for the Fsy term,
Table 10. The base Eq. 10 models the semi-active force in a
characteristic diagram of a shock absorber when it acts the
exogenous input with a signal M. The logic to follow is: if the
type of diagram in the wB, wM and wA bandwidths corresponds
to a set of column values, then the Fgy term of the Fp model
becomes the term indicated in the column Function to the model
Fp = Fp. Then, the Fs4 term takes the name indicated in the
Model column of Table 10.

Symmetry of the damping force in the characteristic diagrams.
If the shock absorber is symmetric, damping force equals in shape
and magnitude in tension and compression zones (positive and
negative forces), the method proposes the following formulation:

(63

Fp = fo + 62 + kyz + mpZ + functionpas + Mgs, (functiong, )

passive force Semi-active force

If the shock absorber is asymmetric, the method proposes to
consider a generic model as in Eq. 12.

FD :_ﬁ)"'

CpeZ + kprz + mp,Z + functionpas, + Mgsa. [functiongs,] 2> 0

passive force semi—active force

¢p-Z + ky_z + mp_Z + functionpss_ + Mgs_[functiong,_] Z2<0

passive force semi—active force

(12)

where the subscript signs indicate if the speed is positive (+) or
negative (-).

Step 3: Model identification

The identification process of the model uses the trust-region
reflective optimization algorithm, Coleman and Li (1996). The

Modeling Approach for Shock Absorbers

nonlinear least-squares optimization method with the sum of
squared errors objective function and the bounded solution space
of parameters to be identified applies this algorithm. The main
non-linearities that relate the input data to the output data are
saturation and hysteresis. When the calculations from the
identification data result in indefinite derivatives (very noisy
data or with unpredictable discontinuities), use direct search
methods, Wright (1996). These methods can be useful when
experimental data from different tests are used as a single
sequence of serial data to carry out the identification because
there will be discontinuities developed at the end of each test data
set joined sequentially.

Step 4: Model validation

To validate the results, the Error-to-Signal Ratio (ESR) index is
proposed, which is the quotient of the variance of the estimation
error and the variance of the experimental force, Savaresi et al.
(2005a). Testing and identification data are different. An ESR ~ 0
indicates that the model is perfect; while an ESR ~ 1 indicates a
trivial model that estimates an average value. If the result is not
satisfactory, we suggest using patterns {Type-0, ... , Type-6 } for
the classification. If the identified model does not fill the precision
needs, the methodology suggests reviewing the characteristic
diagrams to reclassify the pattern types and repeat the model
definition process and validation. .

Figure 11 specifies the proposed methodology. The
identification of the mathematical modeling of four
commercial shock absorbers (p, continuous MR, On/Off MR,
and a continuous EH technology) validates this method, Lozoya-
Santos et al. (2015). The models produced less than 5% of
modeling error, evidenced in a set of qualitative plots and
quantitative indexes.

4 CASE STUDY

4.1 2-Degree-of-Freedom (2DoF) MR

Damper

A MR damper prototype has a novel architecture that differs from
the existing ones by the presence of an internal counter-rod
placed at the bottom of the damper, Golinelli and Spaggiari
(2015), Figure 12. It uses a bottom-rod fixed to the end plug
and coupled with the piston head. The bottom-rod has the same
diameter of the upper-rod so that there is no volume variation.
During piston movement, the bottom-rod is moving the chamber
obtained into the piston head. The chamber is also directly
connected to the canal through the upper-rod to bring out the
wire of the coil. In such a manner, this configuration avoids the
over-pressure or depression phenomenon within the chamber.
Two coils were adopted. The longer axial length of the piston
head allows maximizing the concatenated magnetic flux. The
pressure system is composed of a stepper motor that converts the
motion from rotary to translatory by a screw and nut mechanism.
This system controls a slider that insists on the volume of MR
fluid. Lowering the volume of fluid causes an increase of the
internal pressure. The magnetic flux array (incoherent multiple
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FIGURE 11 | Block diagram describing the generation of characteristic diagrams from experimental data. For details on the Model identification and model
validation (white) block output see the equations in Section 3. The tables inside the block Model selection according to the rules of CHDs classification are Tables 9 and
10. Regarding the block Assignation of types (types: 0-6) based on specific points in CHDs see Section 2 and Figures 3-9.

coils) decreases of the overall inductance of the circuit that allows,

compared to others, less response time of the same device.
The system works without the volume compensator and

presents a precise internal pressure control. The architecture

includes no protruding elements, a thermal compensation
system, and cavitation prevention. For full details on the
design and explanation of the functioning of this specimen,
see Golinelli and Spaggiari (2017). The MR damper assembly
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TABLE 11 | 2Dof MR Damper technical specifications.

Specification Value
Maximum force [N] 2000
Maximum velocity [mm/s] 150
Stroke [mm] 50
Maximum input current [A] 2
Maximum body diameter [mm] 50
Maximum pressure [bar] 40

uses commercial components: a hydraulic cylinder, its cylinder
head, and two ball joint ends. The piston rod, the piston head, and
the bottom rod are manufactured custom parts. The prototype,
Figure 12C, shows the electric current as well as the pressure
inputs. Golinelli and Spaggiari (2015). The technical
specifications of the 2DoF-MR damper is listed in Table 11.

This device shows cavitation phenomena when no pressure is
applied. On the other hand, when pressure is applied, it shows a
similar behavior expected from a MR damper, no matter the
applied level of electric current, Golinelli and Spaggiari (2017).
The inclusion of cavitation in mathematical models of (p or SA)
shock absorbers it is not a trivial task.

The Design of Experiments (DoE) methodology for this specimen
and the experimental data was presented in Golinelli and Spaggiari
(2017). The damper was tested under sinusoidal displacements. The
variables involved are amplitude A and frequency f of the sinusoidal
input, current I and a pressure level p. The chosen amplitude level
was 5mm. Each test lasted for 20 cycles with a sampling rate of
512 Hz. DoE was selected, a summary of the used variables and their
values are reported in Table 12. For the testbed and details of the
sensor and instrumentation system, please see Golinelli and
Spaggiari (2017).

We would like to add that the sinusoidal test pattern and
constant current permits the identification of precise models for
the motion dynamics. These data patterns allow describing the

TABLE 12 | DoE specification of the used experimental data in this modeling
approach. The maximum velocity value (Vimax = 2Af ) is 31.41 mm/s.

Experiment
Characteristic ~ Variable  Units 1 2 3 4 5 6 7 8 9
Amplitude A [mm] 5
Frequency f [Hz] 1 2
Current ! [A] 0 1 2
Pressure P [Bar] 0 20 40 0 20 40 0 20 40
Replicates 3 3 3 3 3 3 3 3 3
Experimental points 54

non-linearities of the damper force with a persistent frequency at
different manipulations, Tudon-Martinez et al. (2019) addressing
the hysteresis phenomenon due to the friction and inertia. It is of
interest to use this signal since it allows evaluating the vehicle
vertical dynamics of the suspension at different frequencies,
including the resonance frequencies of the chassis (around
1-2 Hz) and unsprung mass (around 8-9 Hz) in typical cars of
class 1 Lozoya-Santos et al. (2012b) and Poussot-Vassal (2008).
Moreover, it has been evidenced that this pattern performs good
model parameter identification since a cross validation process
with other richer displacement dynamics experiments has shown
high precision in damping force estimation, Lozoya-Santos et al.
(2012a). Regarding the dynamic response of the damping force
due to a change in the electric current, typically the MR/ER fluid
transient responses are between 20 and 30 m s before the reach of
the steady state, Lozoya-Santos et al. (2012a). So, a first order
model with these dynamics is typically added in the semi-active
damper model electric current input/voltage to include the
transient responses Lozoya-Santos et al. (2012b) and Savaresi
etal. (2005b). The use of the sinusoidal test has been validated in a
previous work where we compare the input motion patterns, and
this signal was well suited to model damper nonlinearities,
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force amplitude

compared with white noise content signals. This paper’s scope
regarding stroke displacement frequency is focused on a body
comfort evaluation bandwidth.

4.2 Results

This subsection shows, step by step, the method application for
the modeling of the described specimen in Section 4.

Step 1. Generation of the characteristic diagrams and its
pattern classification.

The first step consists of the plotting of the characteristic
diagrams FD and FV for all the experiments in Table 12. Figures
13 and 14 show the plots and a similar behavior due to the effect
of the pressure and the electric current increments. The cavitation
is present when the displacement changes its direction and
crosses the zero of the vertical axis, i.e., negative displacement,
positive force, and positive displacement and negative force. In
such a moment, the cavitation appears as a change of slope of the
damping force vs. the displacement. This phenomenon is present

repetitively in each cycle for each test, amplitude, and electric
current when internal pressure is 0 bar, Figures 13A-C.

When the internal pressure changes to 20 and 40 bar
respectively, the cavitation and the dynamics in the vicinity of
zero phenomena decrease considerably. Regarding to the
presence of pressure, it supplies a damping force increment in
a quasi-linear ratio, Figure 13 second row, approximately a 5N/
bar. The effect of the increment of electric current, it is similar to
well-known MR dampers in literature. The increment of electric
current generates an approximated change with a ratio 500N/A.

In the FV characteristic diagram, the effect of the lack of
pressure (0bar) increases the complexity of the hysteresis
phenomena. When the force tends to be zero from the yield
zone, a monotonic decrement on the slope force-velocity before
the zero force, and a monotonic increment of the slope after the
zero appears, until the force yielding point. These dynamics
modifies the typical hysteretical behavior of these devices. A
final remark, the FV diagram qualitatively shows a left shift
between positive and negative force over the horizontal axis,
Figures 14A-C. Regarding to the internal pressure increment, a
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quasi linear force gain for each unit of pressure can be seen, The total damping force, fp, shows the above-mentioned
Figure 14, since from 0 to 20 bar, the force gain is different than ~ dynamics in the vicinity of zero in the transient response,
from 20 to 40 bar. Figure 15A. It can be seen how the force increases for a
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change in the electric current magnitude. The semi-active forces
due to the electric currents, fsajia = fpjia — fojoar and feapa =
fora —fopa also reflects the effect of the pressure around zero
force crossings, Figure 15B.

The p and SA characteristic diagrams FD, FV, and FA display
some of the specific patterns to do the classification. The p
diagrams present similar characteristics to the type 3 with the
influence of the acceleration in the damping force because of the
shape of the FA plot, Figures 16A-C. Regarding the semi-active
damping force characteristic diagrams, the shapes classifies as a
type five, regardless of the added dynamics for the pressure input
in the vicinity of zero force.

The characteristic diagrams of the pressure vs. the force
when the electric current is constant, Figure 17, compares the
force dynamics when pressure is not present and when it
increments in a constant ratio. It shows the FD and FV
characteristics diagrams for the semi-active force generated
from 0 to 20 Bars (fpjopars — fpjobars)> Figure 17(first row) and
the semi-active force generated from 20 to 40 Bars
(fpjaobars — foj20bars), Figure 17(second row). The analyzed
experimental data set is the 5 mm amplitude data set for all
the electric currents and pressures. For the subtraction
Jfppovars — fojobars» @ peak of semi-active damping force (which
shows a linear effect on the magnitude of the electric current)
appears on both characteristic diagrams, Figure 17 (first row).
However, when the analyzed semi-active force corresponds to
the damping force generated due to the change from 20 to
40 bars, it seems that the peak is not present in the diagram.
There is no cavitation, Figure 17 (second row). So, this method
of analysis can be used to detect such a condition of the shock-
absorber.

Steps 2a and 2b: Modeling Rules for the Fp and Fsy terms.

According to Table 9 for the p diagrams and Table 10 for the
SA diagrams, the proposed classification, Table 13, sets the

modeling approach focused on two model types: a) a model
one based on the stiffness simple model for the p force and the
complete model for the SA force, b) a complete-complete model
in both forces.

Step 3: Model identification

The model identification process used the experimental set
with 20 bar, since when the pressure is present, the
complexity of the dynamics diminishes to that of a typical
MR damper. All the amplitudes and electric current values
were included. All the possible models were identified,
Table 14. The lowest ESRs correspond to the model
Stiffness Simple - Simple and for the model Complete-
Complete. This result agrees with the model selection
according to the presented methodology.

The identified parameters for the Complete-Complete MR
damper model is shown in Table 15.

Step 4: Model validation

The characteristic diagrams, Figures 18A-C, the forces
comparison, Figure 18D, the relation electric current vs. force,
Figure 18E and the transient response, Figure 18F, qualitatively
show the proposed model matches with the MR damper
dynamics.

The proposed method of modeling using the generation and
classification of p and SA characteristic diagrams fits this
specimen, when the pressure is present inside the chambers.
The quantitative, Table 14 and qualitative results, Figure 18,
provide evidence and validate this proposal.

The characterization of the dynamics and the effect of the
control inputs based on the subtraction of the damping forces
when the input under study remains constant, allows for better
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TABLE 13| Classification of characteristic diagrams and proposed models. It only
takes into account one frequency, since the analyzed test is a 1 Hz signal.

p Model SA model
Component Rule Model Rule Model
1-MR 2DofF (continuous) 3 Stiff simple 5 Complete
2- MR 2DoF (continuous) 5 Complete 5 Complete
TABLE 14 | Model estimation performances using ESR index.
Model ESR
Passive Semi-active
Simple Simple 0.0213
Simple Complete 0.0188
Stiffness simple Simple 0.0244
Stiffness simple Complete 0.0160
Inertial simple Simple 0.0212
Inertial simple Complete 0.0186
Complete Simple 0.0184
Complete Complete 0.0160

understanding the diagrams, in this case, it has also been used for
the pressure, Figure 17. Each input has its own impact on the
damping force. An interesting aspect is the appropriateness of the
approach to understanding the effect of the pressure variation
using the subtracted damping force. It was evidenced that such a
pressure effect can be analyzed as an additive component in a
further improvement of this method, using some recent results in
fault detection of shock absorbers, Hernandez-Alcantara et al.
(2016).

5 CONCLUSION

A methodology for the modeling of p and SA shock absorbers
based on standard experimental tests has been presented and
used with a two degrees of freedom shock absorber. The
characteristic diagrams were constructed using experimental
data to guide the designer in the development of the structure
of the model, starting with a generic equation that introduced a
simplified mathematical structure. We experimentally validated
the proposal with the specimen. The obtained results had errors
below 5%.
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TABLE 15 | Identified model parameters for the Complete-Complete approach.

Parameter number Parameter name Function on Velocity > 0 Velocity < 0 Unit
the model
C1 fo Offset -0.1941 —-45.1065 N
c2 Cp Damping -3.7911 -0.2774 Ns/mm
C3 ) Stiffness 89.2199 -1.5460 N/mm
C4 mp Mass 0.7599 0.0957 kg
Ch5 fes Stiffness gain 2,303.0421 -672.6543 N
C6 rs Stiffness 0.0023 -0.1279 s/mm
C7 hs Stiffness -0.0368 -0.2162 1/mm
C8 T, Inertia gain -622.9134 -48.9551 N
C9 ry Inertia -0.2141 730.8866 s/mm
C10 h; Inertia -2.8172 —-495.4853 Unitless
C11 Jsa Semi-active gain 448.6180 435.0991 N/A
C12 3m Sigmoidal shape 0.0496 0.0645 s/(mm-A)
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FIGURE 18 | Characteristic diagrams, transient response and estimated vs. experimental forces plots for the Complete-Complete MR damper model.

The present method needs to be extended to include the DATA AVAILABILITY STATEMENT
modeling of the damping force generated for the variation of
internal pressure as control input, so a set of new models will be  The raw data supporting the conclusions of this article will be
added for such classification. made available by the authors, without undue reservation.
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Semi-active vehicle suspensions are used to improve the limited comfort performance of
passive vehicle suspensions by varying the damping coefficient according to a control
strategy. These benefits have been usually studied in a transient and frequency domain,
but rarely in a multi-body dynamic analysis considering the mechanical components and
their joints. In this study, the controllability effects of a magnetorheological (MR) damper on
the mechanical components of a McPherson automotive suspension are investigated
using a stress concentration analysis. Finite element analysis was used with a Quarter of
Vehicle (QoV) suspension model configured with an MR damper, and then compared with
the passive damper. The simulation results show that an SA damper in the suspension not
only improves the dynamic behavior of a road vehicle, but it also has the positive effect of
reducing the stress concentrations in a critical suspension element, the knuckle, that are
generated by high amplitude road profiles such as rough roads or dangerous
street bumps.

Keywords: magneto-rheological damper, finite element analyses, semi-active suspension, quarter of vehicle,
vehicle dynamics

1 INTRODUCTION

Semi-active (SA) suspension systems have become one of the best options for improving the
performance of conventional passive dampers (Lord-Corporation, 2018). They have a wide range of
applications, from home appliances to transportation vehicles, to structural applications (Kumar
et al., 2019). Magnetorheological (MR) dampers are the most used type of SA suspension system in
the industry (Jiang et al., 2012). These types of dampers have the advantages of a continuously
adjustable damping coefficient with a fast transition response, a relatively low energy input to
operate, and require minimal packaging (Alghamdi et al.,, 2014).

SA and active suspension systems are appearing more frequently in passenger vehicles and with
current market demands, the automotive industry requires original equipment manufacturers
(OEMs) to achieve shorter product development process times (Vinodh et al., 2013), especially
with the incursion of startups disrupting this field (Ferras-Hernandez et al., 2017). In order to cope
with rapidly changing market demands and bigger competition, one of the main ways to achieve
shorter product development times is to use concurrent techniques instead of a linear process (Kusar
et al,, 2004). In this process, rapid prototyping, computer-aided design, and engineering are essential
tools. One of the most critical steps in this process is the virtual validation of the design, which is
achieved by finite element methods (FEM).
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FEM tools are used for different areas of the suspension system.
One focus is to represent the nonlinear behavior of the viscous fluid
inside the damper, as in (Guo et al., 2019), where the authors
proposed a 2D flow model to predict the transition of the MR fluid
to the post-yield region. The other main topic is to analyze the
mechanical behavior of suspension components. In (Ossa et al,
2011), the authors used a FEM analysis to predict failure in ball
joints. In (Kulkarni et al., 2016), the authors analyzed the effects of
increased vehicle mass on the suspension system element life of in-
wheel motor vehicles; and in (Lee and Yang, 2013), the authors
developed a method to evaluate the torsional stiffness of a torsional
beam under different load applications.

The effects of the controllable damping coefficient, on how the
vehicle behaves regarding handling and ride comfort, is also being
studied (Jugulkar et al., 2016). evaluated a damper design capable of
changing its coefficient by actively opening or closing flow holes
(Alexandru, 2020), studied different control strategies to improve
driving performance, and (Tudon-Martinez et al., 2019) analyzed
how the damper model affects the control strategy performance. In
addition (Tuddén-Martinez and Morales-Menendez, 2015),
proposed a method to use the controllability characteristics to
compensate when a failure occurs in the damper.

From the presented review, it is clear that the focus in
literature has been on the effects on vehicle dynamics
generated by an adaptable suspension system, rather than on
the mechanical implications on its components. Thus, an analysis
of the mechanical effects of controllability in suspension elements
equipped with an MR damper was conducted in this study. This
case study included a quarter of the vehicle multi-body model
evaluated by LS-DYNA®, which is a general-purpose finite
element program capable of simulating highly non-linear and
transient dynamic problems.

Recently, some studies have researched the force, strength
and/or stress analysis in automotive suspensions with passive
dampers for particular vehicle designs, such as solar vehicles or
racing cars, and especially for fatigue analysis purposes (Ijagbemi

et al., 2016; Odabasi et al., 2019; Rui et al., 2019). All of these
analyses have been carried out in simulation scenarios using
different multi-Physics software. In this study, a multi-physics
software is also used to perform the FEM analysis. The main
contribution of this paper is a stress concentration analysis of an
automotive SA suspension control system in tandem with a
dynamic behavior analysis (in both time and frequency),
showing how these results may complement the performance
evaluation task in the design process of new SA suspension
products (e.g., dampers, sensors, controllers, etc.).

The article is structured as follows: In Section 2, the model
description, FEM considerations, controllers to be used as the
study case, and the proposed tests are presented. Then, in Section
3, the results are presented, first detailing the characteristics of the
experimental MR damper, then its frequency and time performance
compared to a passive damper, and finally a stress concentration
analysis using FEM for a multi-body model of a McPherson
automotive suspension. Finally, Section 4 concludes that the semi-
activity property of an MR damper can reduce the stress
concentrations in the suspension components in contrast to a
passive damper and introduces further work from this research group.

2 MATERIALS AND METHODS

A multi-body dynamic model of a Quarter of Vehicle (QoV) was
used with FEM simulations of the suspension system at different
damping configurations. Figure 1 illustrates the general elements of
a typical McPherson suspension assembly, also it is the multi-body
model representation programmed in the LS-DYNA® software.

2.1 QoV Model

The FEM simulations used to analyze the stress concentration
of an SA suspension system are based on a decentralized QoV
topology. A typical QoV model is represented by a sprung
mass (m;) and an unsprung mass (m,), as shown in
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Figure 2B. The linear spring stiffness coefficient k; and an MR
damper force (Fyr) represent the suspension components
between both masses that absorb/eliminate road
disturbances. The stiffness coefficient k; models the wheel
tire. The vertical position of the mass m; (m,;) is defined by z,
(zus), while z, corresponds to the road disturbance. The system
dynamics are given by

msés _ks (zs - Zus) - FMR:
MysZys = ks (Zs - Zus) - kt (Zus - Zr) + Fg.

1

The QoV model parameters of Eq. 1 are identified on the
experimental platform in Figure 2A. Figure 3A presents the real
characteristic curve of the coil spring, the linear zone of the spring

stiffness is marked with a green line and its corresponding jounce/
rebound stop regions marked with dashed-gray lines. From this
figure two data points where obtained, a constant parameter
(43.2 N/mm) for the simplified QoV simulations and a look-up
table for the finite element analysis (FEA) model. Figure 3B
shows the variable damping force of an experimental MR damper
whose actuation varies from 0 to 2.5 A. The damper stroke is
40 mm, and it has asymmetric performance in its compression/
extension effects. The characterization of these components was
performed independently of the QoV topology using a universal
material testing machine. Figure 2C shows an exploded view of
the QoV model with all suspension components to illustrate the
mechanical joints considered in this study for the FEA tests.
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In order to estimate the values of the m;, my, and k
parameters a linear least-squares method was used, the
performance of which is shown in Figure 4. The experimental
data was obtained measuring the accelerations of the m; and m,;,
under a road profile test. The data was then compared with the
resultant model under the same road input. The estimation of the
sprung mass of the QoV model is 415 kg, and for the unsprung
mass is 80 kg, both associated with a sedan-type commercial car.

The estimated linear tire stiffness is 225 N/mm. In the simulation
tests, the wheel-road contact is ensured.

2.2 MR Damper Characterization and
Modeling

The MR damper considered in this study is manufactured by
BWI, Figure 5A, and it uses electric current levels () from 0 to
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2.5A, with 0 A being associated with the lowest damping
coefficient and 2.5A with the maximum level. The MR
damper has an approximate rod stroke of +40 mm and a
calculated transient response of 39 m Figure 5B. The time
response presented in Figure 5B was obtained using a
triangular displacement input to the damper to ensure a
constant speed neglecting other dynamical effects, then at
the middle of the displacement a change in current was
introduced to the damper coil to modify the generated
damping force. The resultant time reported is from the
moment the current signal is commanded to the time force,
reaching 90% of its final value.

Figure 6 shows the general controllability characteristics
of the MR device and its variable energy absorption capacity.
A key characteristic the damping force of an MR shock-
absorber is that it can be increased by means of the current
signal, but also by increasing the excitation frequency. For
instance, Figures 6A,B show that the force increments when
the electric current is changed, and this effect is consistent
when the frequency of motion increases. Figure 6C clearly
shows the direct proportionality between the electric current
and MR force as well as the direct proportionality between the
excitation frequency and MR force. Similarly, Figure 6D
shows how the maximum force value changes depending
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TABLE 1 | Estimated parameters for the asymmetric algebraic model of (Guo on the electric current input and the excitation frequency, in a
et al,, 2006). directly proportional manner. Figures 6E,F show the Force-
Parameter Extension Compression units  Displacement (FD) characteristic maps. It should be noted

that the MR damper has asymmetrical behavior, that is, the
fe 1355.30 605.63 N/A maximum achievable force level is lower when the damper is

Co 6366.46 3838.21 Ns/m bi d . f h hen it is i .
o 592 53,46 Nom  Subjected to a compression force than when it is in extension,
ko 0.01 _5171.11 N/m this effect is especially noted when increasing the frequency.
ki 10.56 24.45 N/m Extension behavior, the positive force part of the graph, has a
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FD characteristic curve. In this case, the experiment was performed with electric current of 2.5 A as damper control input and 4 Hz as frequency of excitation of the shock
absorber deflection.
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more linear increment than compression behavior, which
increments tend to flatten faster, as it can be seen in
Figure 4B.

Figure 7 presents in further detail the force dependency on the
excitation frequency by analyzing the Force-Velocity (FV)
characteristic curves. For this characterization, a fixed
amplitude sinusoidal signal, which only changes its frequency,
was applied to the damper deflection. It is also worth mentioning
that the velocity scale in each figure is different, so the full effect of
the frequency could be observed. Figure 7 presents the FV
diagrams for two electric current levels, 0 and 2.5A, at
frequency set of {1, 2, 4, 6, 10, 15} Hz. It can be observed that
as the frequency increases, the hysteresis of the force also
increases; this effect is caused by the turbulent flow generated
inside the tube (Zhang et al., 2016). It can also be observed that
the asymmetry between the jounce/rebound effects increases at a
higher frequency of motion (de ] Lozoya-Santos et al., 2012), and
(Vivas-Lopez et al.,, 2015).

This experimental characterization was used to propose
approximated FV curves, as shown in Figure 3B, for the MR
damper, which was then programmed into the LS-DYNA®
software for the FEM simulations.

The MR damper model used for the FEM analysis was
proposed by Guo et al. (Guo et al., 2006). This model focuses
on reproducing the nonlinear bi-viscous and hysteretic behaviors
of the MR fluid. The nonlinear MR damping force (Fjz) modeled
is defined by

Fuir = CoZaef + kozay + uf; tanh(cl.édef + klzdej)a 2

passive damping force

where the five coefficients have physical meaning, zgs = z; — 2y is
the suspension deflection and Zgs = 2z — 2y is the deflection
velocity. The characteristics of a linear elastomer is included in
the stiffness factor ko, where ¢ is a passive damping coefficient. u

is the control input applied to the damper (in this case, varying
from 0 to 2.5 A), f. is related to the dynamic yield force of the MR
fluid, while ¢; and k; are coefficients related to the pre-yield and
post-yield regions of the SA damper.

To represent the asymmetry of the MR damper in Eq. 2, two
sets of parameters were estimated, one for when the damper is
under compression and the other set for when the damper is
under extension. The parameters are listed in Table 1.

Figure 8 shows a qualitative evaluation of the fit performance
of the estimated model in comparison to the experimental data.
In these plots, it can be observed that the considered model
captures most of the behavior of the real data, with slight
saturation near the maximum forces achieved by the real
damper. For a more extensive modeling and qualitative
evaluation study of the performance of the algebraic model of
(Guo et al. 2006) for the MR damper, readers can refer to the work
by (Tudén-Martinez et al., 2012).

2.3 FEM Considerations

The developed model includes most of the parts of the front
suspension. It was simplified by using a shell mesh with an
average size of 8 mm for most of the parts, as shown in
Figure 9B, while the knuckle and brake caliper are modeled
using a solid tetra mesh with an average size of 5 mm, as shown in
Figure 9A.

The QoV model was constrained by allowing only vertical
displacement on the car frame and strut mount. All other parts
were constrained only by their mechanical connections, which
were simplified with revolute, spherical, and translational joints
to properly model the load transfer and kinematics of the
suspension mechanism. Contact mechanics were defined for
all parts and gravity was implemented. Motion along the
z-axis was prescribed to the rigid floor plate to simulate
road input.
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Because the steering knuckle takes most of the load by
supporting the wheel, tire, brakes, and sprung mass of the
vehicle during vertical dynamics, the analysis focused on this
part, which was modeled as cast iron with material properties:
density = 7.850e-09 kg/m’, Young’s modulus = 170 GPa, yield
stress = 304 MPa, ultimate stress = 502 MPa, and Poisson
ratio = 0.29.

The suspension spring and damper were simplified using 1D
elements that allow a direct input of the force vs. displacement
and force vs. velocity curves, respectively. The tire was simplified

as well using a 1D spring element to maintain consistency within
the model.

2.4 SA Controller Assessment

In this study, two semi-active QoV-based control strategies were
considered to regulate the MR damper actuation in the FEM
simulations. The frequency estimation based (FEB) controller
proposed in (de Jesus Lozoya-Santos et al., 2011) and the Mix-1
sensor (Mix 1) control algorithm proposed by Savaresi and Spelta
(2009) were selected to regulate the MR damper actuation in this
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FIGURE 11 | Time domain response of the simplified QoV model for a
bump test, comparing the performance of Mix-1 (dashed-blue) and FEB
(dashed-red) controllers vs. a passive damper (dashed-black).
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FIGURE 12| Time domain response of the simplified QoV model for Test
2, comparing the performance of Mix-1 (dashed-blue) and FEB (dashed-red)
controllers with respect to a passive damper (dashed-black).

study. Both controllers have better comfort performance than the
classical Sky-Hook controller, and their actuation is softer.
The FEB control algorithm is given by

Fyr = {Fsoft (Imin) f € {FBDFBZ:H-,FB;'},
Fhard (Irmmax) otherwise, (3)

where the MR damping force is soft/hard at the minimum/
maximum actuation (electric current), and f is the frequency
of the suspension motion that must be estimated. The objective
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is to determine the desired frequency bands (FB;) for the
controller by analyzing the frequency response of the
suspension at different control input levels (de Jesus

Lozoya-Santos et al., 2011).
The Mix 1 controller requires two states of the damper, and the

control law is given by

FMR:{

where « is a frequency parameter of design.

Note that both controllers are extremely simple to design and
operate. At each sampling interval, the controllers select a soft or
hard damping force according to the dominant frequency content
in the vertical motion of the chassis (sprung mass).

The assessment of the SA controller in this study is divided
into three sections:

. ) 22

CmaxZaer i (2] — &?27) <0,
. o 9

CminZaer  if (22 — a22) >0,

)

e Comfort and road-holding performance in the time
response of the SA suspension controllers in comparison
to a passive damper. Passenger comfort can be measured by
the vertical motion of the sprung mass (position or

acceleration) and the road-holding performance by the
tire deflection (ztzf = zus — 2,).

Comfort and road-holding performance in the frequency
response of the SA suspension controllers in comparison to
a passive damper.

Stress concentrations in the mechanical elements of a SA
suspension system due to the MR damper controllability
compared to those caused by a passive damper, analyzed by
FEM simulations.

2.5 Simulation Tests
Two different simulation tests were used in the aforementioned
SA controller assessment:

e Test 1: A 50 mm amplitude bump at 20 km/h vehicle velocity.
This test allows the evaluation of the transient performance of
the suspension under a typical bump disturbance.

Test 2: An ISO 8608 road profile test (type D) at a vehicle
velocity of 60 km/h. This test was used to assess the MR
damping force in a typical suspension environment by
considering the normal frequency content of the vehicle
vertical movement (from 0 to 20 Hz).

Frontiers in Materials | www.frontiersin.org

170

April 2021 | Volume 8 | Article 590390


https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles

Vivas-Lopez et al.

Stress Concentration Analysis in MR-Suspensions

50mm Bump Test

Road Profile Type D Test

80

S

z_(mm)

80

60

40

20

-80

-100

-120

60 T

50 - / \

Zge t(mm)

ar Passive ' AN

80

60

40

20

-80

-100 -

o= iy

-120

2ty ((mm)

80

60

0 I I I I I I I
0 0.05 0.1 0.15 02 025 03 035

Time [s]

red) controllers with respect to a passive damper (dashed-blue).

04 045 0.5

FIGURE 14 | Time domain response for Test 1 and Test 2 performed with the FEM simulation. Performance comparison of Mix-1 (dashed-black) and FEB (solid-

Time [s]

Frontiers in Materials | www.frontiersin.org

m

April 2021 | Volume 8 | Article 590390


https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles

Vivas-Lopez et al.

Stress Concentration Analysis in MR-Suspensions

A

Stress [MPa]

>150
135
120

105 £
90 =
75 ]
o
60 g
45
30
15
<0
Stress [MPa]
>150
=
(=9
=)
=
2
=
v

150

100

50

160

140

120

100

80

60

40

20 i

' ; : ' !
)
Iy
. I\ FEB
Passive [
\4 \ [
1 K g
L \ ]
[ 2
] i ‘.‘\ 8
] Y Y
Mix-1 ol 24
i =
\ i —\E\‘ <]
! 1
L " y R J §
i (R 2
[ A \ ,I —
0 = \! § ty 7.0
Y 2~ . ; \\ \ A
Q - . I\/ 4
g Y,
N1 AV
R
. . . . . . . . .
005 01 015 02 025 03 035 04 045 05
Time [s]
L H |
bk z
) b ]
[ n l" [T o
1 Mg -0
i | ¥ )
[ I’ I Fa ‘ l‘i jasg]
AN el =
) [ " .

F 1 H 1 : i —
R 1 ' H «
g Iy 1 £ 0 1 ! ko]

L EIEN 'I I'l l" ! -ii r. ®

i [ !
||' E :[H h i i o
L i H 1a ! Al
O £ HEE) noi e o
i 3 H'H i 1%}
[ Wi |= 1 . -
I Ly’ H
21 : . by
P Ny o ‘
0 05 1 15 2
Time [s]

FIGURE 15 | Average Von Mizes stress generated in the knuckle due to different road profiles [(A) 50 mm bump road test (top) and (B) Type D road profile
(bottom)] under different control strategies [Passive (dashed-blue), FEB (solid-red) and Mix-1 (dashed-black)].

As a benchmark for the controller assessment, both tests were
also performed on a passive suspension. Time and frequency
response analyses were carried out in a Matlab/Simulink®
environment and the FEM simulations with the LS-DYNA®
software.

3 RESULTS AND DISCUSSION

In this section, the simulation results in the time and frequency
domains for the SA controller are discussed along with the FEM
simulation results.

3.1 QoV Controllers Evaluation
The considered MR damper model, defined in Eq. 2, was
embedded in the QoV model dynamics of Eq. 1 to assess the
time and frequency performance of the SA suspension
controllers. This evaluation was carried out using the Matlab-
Simulink® software.

Because the FEB and Mix-1 control algorithms use the
frequency response analysis of the SA suspension for design,
Figure 10 illustrates the frequency response of the open-loop

QoV model dynamics at several electric current inputs; z, is a
sinusoidal signal with an amplitude of 30 mm from 0 to
20 Hz. In Figure 10, each color line corresponds to the
frequency response of the quarter car suspension system at
different electric current value, from 0 to 2.5 A. In this case,
Figure 10A is the frequency response of the sprung mass
acceleration, Figure 10B is the position of the sprung mass,
Figure 10C is the suspension deflection and Figure 10D the
tire deflection. Due to the electric current modifies the
viscous damping coefficient in the semiactive shock-
absorber, making it softer or harder, the responses of the
quarter car suspension system vary according to the damper
force, i.e., according to the electric current value as damper
control input. These variations occur mainly close to the
frequencies of resonance of the sprung and unsprung mass of
the quarter car suspension system.

In these plots of Figure 10, it can be observed that there are
four frequency bands of interest. For example, in FB; (that
encloses the resonance frequency of mj), the acceleration and
position of the sprung mass has a higher gain at 0 A and is
reduced when the electric current is at maximum (2.5 A). On the
other hand, in FB; (which encloses the resonance frequency of
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FIGURE 16 | Average VVon Mizes stress generated in the Control Arm due to different road profiles [(A) 50 mm bump road test (top) and (B) Type D road profile
(bottom)] under different control strategies [Passive (dashed-blue), FEB (solid-red) and Mix-1 (dashed-black)].

my;), the sprung mass acceleration has a lower gain when the
electric current is below 1.25 A, and in this same FBj, the tire
deflection is lower when the electric current is greater than 1.25 A,
meaning that the damping configuration in this frequency band
can be oriented to passenger’s comfort or road-holding
performance in opposite ways. These findings were used to
design the FEB and Mix-1 controllers for comfort or road-
holding control orientations.

Figure 11 illustrates the assessment of the transient response
of the SA controllers for Test 1, considering two bumps. Clearly
both SA controllers have better comfort and road-holding
performance than the passive suspension, because the motion
is lower and softer in the Z; and zt4y signals, respectively. Also,
the suspension deflection zy,s is lower for the SA dampers than
for the passive damper, ie., the MR damper has less vertical
movement than the passive one.

For Test 2, the time response of the different damping
configurations is shown in Figure 12. In this case, the SA
suspension controllers offer better passenger comfort and less
suspension deflection movements than the passive damper.
However, because the road profile is sufficiently rough, the tire
deflection is similar for all damping configurations.

To assess the frequency performance of the SA suspension
controllers, sinusoidal signals in z, from 0 to 20 Hz at three
different amplitudes (10, 20, and 30 mm) were used. Note that
both controllers have lower gain in the sprung mass acceleration
than the hardest suspension (at 2.5A). The best comfort
performance for the whole frequency range was obtained with
the Mix-1 control algorithm. However, by analyzing the frequency
response of the tire deflection in Figure 13, the FEB controller had
lower gain zy,¢/z, than the softest suspension (at 0 A) around the
frequency band FBs, i.e., close to the resonance frequency of m,.
Since the FEB controller is oriented to make the suspension harder
at high vehicle velocities (i.e., at frequencies around the resonance
frequency of my), the tire has less deflection such that the gain
Zuaef/ - of this controlled system is lower than that one obtained at
0 A, because at 0 A the damper is softer and consequently the tire
will have more vertical motion. This means that the Mix-1
controller is better for comfort, while the FEB controller
maintains the best balance between comfort and road-holding.

3.2 FEM Evaluation

The QoV model parameters, including the MR damper model
coefficients, were introduced into the LS-DYNA® software for the
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FIGURE 17 | Average Von Mizes stress generated in the Wheel Mount due to different road profiles [(A) 50 mm bump road test (top) and (B) Type D road profile
(bottom)] under different control strategies [Passive (dashed-blue), FEB (solid-red) and Mix-1 (dashed-black)].

FEM simulations. As in Matlab/Simulink, in the multi-physics
program LS-DYNA®, the same tests were performed considering
the two SA suspension controllers in comparison with the passive
damper.

Figure 14 shows the time domain response of the SA suspension
controllers for both tests compared to the passive suspension. The
results are congruent with the simulations in Matlab/Simulink,
ie, the SA controllers improve the suspension performance
compared to a passive damper. The passive damper shows a
higher suspension deflection zgys than the SA controllers for both
tests, ie., it has less dissipation capability for the suspension
movement. Similarly, the SA controllers have minor magnitudes
in the oscillations of the sprung mass position z; for both tests,
ie, the SA controllers improve the passenger’s comfort in
comparison to the passive suspension. The tire deflection in the
FEM simulations has similar behavior for all damping
configurations as it occurs in the simulations with Matlab/Simulink.

To evaluate the effect of the MR damper in the mechanical
suspension elements, the three McPherson suspension
components with the most stressed concentrations were
selected in this analysis: steering knuckle, control arm, and
wheel mount. Figure 15 presents the stress concentrations at

the steering knuckle of the suspension caused by different road
profiles. Figure 15A represents the stress concentration for the
bump test and Figure 15B for the ISO road profile test. It can be
seen from these figures that having an SA suspension control
strategy helps to decrease the stress concentration at the knuckle,
possibly contributing to extended life of the component.
Figure 16 presents the stress concentrations at the control arm
of the suspension. Figure 16A represents the stress concentration
for the bump test, here, having any control strategy contributes to
reducing the rebound effect after the abrupt movement caused by
the bumper at 0.3 s. Figure 16B shows the effects of the ISO road
profile test, in this case having a control strategy reduces the
maximum generated stress in comparison with respect to the
passive damper, e.g. the 450 MPa generated by the passive
damper around the 2s are reduce up to 350 MPa using the
FEB controller. For this element, the biggest concentration is
located at the base of the arm, where it assembles with the chassis.
The third element is the wheel mount, in Figure 17 the stress
concentrations at this element are presented. Figure 17A
represents the stress concentration for the bump test, for this
one the Mix-1-sensor strategy achieves a better overall
performance, maintaining low stress during the rebound after
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the bump, as well as during the setting movement at the end of the
test. Figure 17B shows that by having a passive damper the mean
stress value remains lower, but reaches bigger values at peak
moments, while the control strategies have a slightly higher
average stress during the test but with lower maximums.

The material used for these elements was HSLA steel with a
yield stress of 550 MPa and an ultimate stress of 650 MPa,
considering those numbers, in none of the elements the stress
exceeds the linear deformation limit. Also, it can be appreciated
that a rougher road profile generates more stress in the component
than a single bump, even when the bump is much more aggressive
than the profile. The location of the stress concentrations in these
suspension components also depend on the road disturbance
conditions. The steering knuckle has the largest stress
concentration in the section used to assemble it with the lower
control arm, when the road has abrupt irregularities such as a
bump the vehicle goes at low velocity. Whereas the front strut that
assembles the steering knuckle with the damper, is the section with
the most stress concentrations when the road irregularities are high
and persistent, such as an ISO road profile type D, and the vehicle
goes at 60 km/h. For the control arm element, the largest stress
concentration, for both road tests, is located at the base of the arm
used to assemble the suspension McPherson with the chassis.
However, the ISO type D road profile test generates more stress
(up to 450 MPa) than the bump test (up to 260 MPa). Similar to the
control arm, the wheel mount element has the biggest stress
concentration in the same location for both road tests, in this
case the section used to assemble it with the damper rod. The ISO
type D road profile test generates more stress (up to 380 MPa) than
the bump test (up to 215 MPa).

A well-balanced SA suspension control strategy, such as the
FEB controller, demonstrates not only the reduction of
undesirable movement in the cabin, but also reduces the
stresses generated in the suspension elements caused by high
amplitude road profiles. The Mix-1-Sensor control law also
behaves better than a passive suspension; however, being
oriented to comfort, it causes much higher stresses on the
suspension elements than the FEB controller.

4 CONCLUSIONS AND FUTURE WORK

During the course of this study, the benefits of a semi-active (SA)
suspension system equipped with a magneto-rheological (MR)
damper were confirmed using a simplified Quarter of Vehicle
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(QoV) model and with a complex multibody model evaluated
using sophisticated multi-physics software. Using different SA
control strategies, a semi-active damper can truly improve the
dynamic performance of a passenger vehicle. In addition, an
effect that is not well-known is the possibility of reducing stress
concentrations in the suspension elements. Although the stress
concentration analysis in automotive suspensions is not widely
described in the literature, this paper demonstrates, with
simulations based on a Finite Element Method (FEM), that a
SA suspension control strategy helps to decrease the stress
concentration at the knuckle, contributing to extending the life
of the suspension components. FEM simulations in a quarter of
cars illustrate that a rough road profile concentrates more stress
in the McPherson suspension components than a single bump,
i.e., the constant vibration caused by the rough road will wear the
suspension components more than sudden bumps in the road.

On the other hand, the selection of the SA suspension control
strategy is also an important key to decreasing the stress
concentrations at the suspension components. When the SA
suspension controller is road-holding oriented, the stress
concentrations will be reduced but the comfort performance
can be deteriorated. It is therefore recommended to use a
balanced or hybrid control strategy between comfort and road
holding objectives.

In future work, the authors will extend this study to evaluate
not only stress concentrations at a single point in time but will
also carry out a fatigue analysis to describe the controllability
effects on the suspension elements in the long term for a full
vehicle. In addition, in light of the new generation of electric
vehicles, this study may also be extended to include in-wheel
motor electric vehicles because the extra mass attached to the
unsprung mass represents an additional challenge.
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In order to control the vibration of civil building structures, a magnetic rate-controlled
stage damper (MRCSD) is designed based on a magnetorheological shear thickening
fluid (MR-STF). The key technology and performance test of the damper and the
parameter identification of the mechanical model are studied. The experimental results
show that the main cylinder filled with MR-STF combines the magnetorheological (MR)
effect and the shear thickening effect, which has a strong impact on energy dissipation
and vibration reduction. Therefore, the designed damper is superior to the traditional
viscous damper. With the increase of magnetic field strength, the shear thickening effect
of the MR fluid is inhibited and the MR effect is more obvious. The MRCSD can improve
the performance of vibration isolation and vibration reduction by controlling damping.
Under a different intensity of earthquake, the maximum output can reach 250.2 kN;
the mechanical model of the MRCSD is established; and the design parameters of the
damper are determined. The theoretical results obtained from the mechanical model of
the MRCSD are consistent with the experimental results, which show that the parameter
identification method is feasible and effective.

Keywords: magnetorheological shear thickening fluid, magnetic rate controlled stage damper, magnetic field
finite element method, parameter identification, performance analysis

INTRODUCTION

In the past 10 has made a lot of achievements [Xu et al., 2003;years, domestic research on
magnetorheological fluids (MRFs) Guo et al., 2020; Yang et al., 2020]. Chen et al. (2010) studied the
effects of surfactants and thixotropic agents on the sedimentation stability of MRF. Zhu et al. (2019)
prepared a MR fluid with iron nanoparticles using a direct current (DC) arc plasma as a dispersion
phase, and the experimental results of the MR performance and settlement stability show that the
MR fluid with iron nanoparticles has a significant MR effect, and the settlement stability is better
than that of carbonyl iron powder. Yi (2011) studied the effect of different surface activities on the
stability of MR fluids. Liang and Ou (2006) and Ou and Li (2009)’s self-developed MR dampers have
been successfully applied to the wind-rain induced vibration control of the cable-stayed cables of
the Binzhou Yellow River Bridge in Shandong Province and achieved good control results. The
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multiwinding MR damper designed by Feng et al. (2019) has
a higher dynamic range and efficiency than the traditional
multiwinding MR damper. Liu et al. (2018) proposed a new type
of permanent magnet MR damper for stay cables, which can
adjust the damping force by changing the magnetic pole direction
of the permanent magnet. It has good working performance and
a good control effect on the vibration in each stage of the stay
cables. Based on the MR characteristics of the MR fluid, Zhou
etal. (2017) designed a dual exit MR damper that can be applied
to a vibration reduction system.

As a new type of intelligent fluid, the shear thickening liquid
(STF) can respond to external stimulations, such as vibration
and shock, without the effect of an external electromagnetic
field (Zhao et al, 2018). In recent years, the study of the
mechanical properties and mechanism of the STF has attracted
extensive attention of researchers (Dullens and Bechinger, 2011;
Trulsson et al, 2012; Picano et al, 2013; Seto et al.,, 2013;
Brown and Jaeger, 2014; Wyart and Cates, 2014; Peters et al,,
2016; Qin et al, 2017; Wei et al., 2017; Wu, 2018; Liu,
2019). Because of its rapid, significant, and reversible changes
in mechanical behavior under the action of external forces,
the STF has shown tremendous application prospects in the
fields of vibration absorption, individual protection, and shock
resistance (Zhou et al., 2016). With the in-depth study of the
STE the impact resistance of the STF has been paid more
attention and gradually used in the manufacture of protective
devices. Yu et al. (2019) studied a STF isolator with variable
damping characteristics, which effectively solved the inherent
shortcomings of the linear damping of the traditional isolator.
Zhang et al. (2008) designed a single-rod viscous damper with
STF as a viscous medium and studied its dynamic characteristics.
Liang (2013) developed a new shock transmission unit (STU)
with a maximum output of 300 kN based on Silly Putty and
tested its slow, fast, and dynamic mechanical properties on a
static and dynamic universal testing machine. The results show
that the STU has strong rate sensitivity. The greater the test
speed, the greater the stiffness of the STU (Liang, 2013; Liang
and Zhang, 2015). At present, the STU has been widely used in
large civil engineering structures such as the Nanjing Yangtze
River Bridge, the Jinmeng Yellow River Bridge, the Dalian Puwan
Sea-Crossing Bridge, and the Shuohuang Heavy-Duty Railway
Bridge. The MR damper developed based on MR technology
has excellent performance and belongs to a kind of intelligent
control device with a high proportion of application. At present,
its application scope is expanding constantly (Xu and Shen,
2003; Kruti et al,, 2014a,b; Choi et al.,, 2016; Xu et al., 2016;
Ying et al., 2019).

It can be seen from the above literature review that
the effectiveness of MR dampers for vibration isolation has
been confirmed. MR dampers are the most mature energy
dissipators in the field of vibration reduction. From the
energy viewpoint, its working principle is to change the
energy spectrum structure of the vibration source excited
by the system to suppress the vibration by dissipating and
reducing energy at an appropriate frequency. However, the
single working mechanism of vibration reduction leads to
the traditional MR damper depending on the damping and

vibration reduction, which will not alleviate the rigidity of the
civil engineering structure due to its own rigidity. That causes
deformation or even failure due to insufficient degree under
huge impact load. Therefore, the damper designed in this paper
overcomes the said shortcomings and achieves the effect of anti-
impact energy dissipation and damping energy dissipation to
reduce vibrations.

This paper is presented in the following order. In section
“Material Preparation and Testing MR-STF materials for
damper design are prepared. Section “Structural Design
and Theoretical Analysis of Mechanical Model of MRCSD”
shows the detailed structure and working principle of
a magnetic rate-controlled stage damper (MRCSD).
Section “Magnetic Circuit Design” introduces the magnetic
circuit design of the damper. Section “Performance
Test of MRCSD” tests the performance of the damper.
Section “Mechanical Model and Parameters Identification”
establishes the mechanical model of the damper and
determines its parameters. Section “Conclusion” contains
some conclusions.

MATERIAL PREPARATION AND TESTING

The MR-STF has both the MR effect and the shear thickening
effect. It can be used as a normal “speed control” material and
a “fault prevention” material when there is no magnetic field. It
has the characteristics of self-adaptation and self-enhancement.
The damper can adapt to the environment of different vibration
excitation frequencies.

In this experiment, ferric carbonyl (Cl) particles with an
average particle size of 3.5 wm were used as magnetic particles;
nano-sized silica (SiO,) particles were used as dispersion phase
particles of the STF; ethylene glycol (HOCH,CH,OH) was
used as a dispersion medium of the STF; and anhydrous
ethanol was used as a diluent of the STF. In addition,
the MR and shear thickening effects of the MR shear
thickening fluid (MR-STF) consist of prepared STF and
carbonyl iron particles. All the reagents are of analytical
purity and purchased from Sinopharm Chemical Reagent
Co., Ltd. in China.

The soft magnetic particles used in this paper are carbonyl
iron powder produced by Jiangsu Tianyi Ultrafine Metal Powder
Co., Ltd., China under the brand name MPS-MRF-15. Its
specifications and properties are shown in Table 1. The average
particle size of carbonyl iron powder is 3.5 pm.

The MR-STF is a new intelligent material with magnetic
sensitivity/rate sensitivity. The MR-STF has better stability
than the traditional MRF and has a MR effect and shear
thickening effect.

Preparation of the MR-STF: The carrier liquid is added to
the powder, and the two components are mechanically mixed
for 1 h with a stirrer. The resulting suspension is then placed
in a vacuum chamber for several hours to eliminate air bubbles.
The primary particle size of silica is 1-5 pm, and the density is
2.6 g/ml (s5631, from Sigma Aldrich). The STF is composed of
nanosilica particles, glycol, and high-concentration suspension.
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TABLE 1 | The performance index of carbonyl iron powder.

Fe content C content N content O content Average granularity Loose packing density Vibration compaction density
98.1% 0.74% 0.9% 0.26% 3.5 um 2.8g-cm~3 4.25g.cm~3
The series of MR shear thickening fluids were prepared by STRUCTURAL DESIGN AND

using carbonyl iron particles and STF with different weight
fraction ratios.

The rheological properties of the MR-STF were measured by
the MCR302 rheometer produced by Anton Paar of Austria.
Figure 1A shows the curve between viscosity and shear rate
of the MR-STF without magnetic field, while Figure 1B shows
the relationship between viscosity and shear rate of the MR-STF
with magnetic field. Figure 1B shows that the MR-STF samples
have the MR effect.
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FIGURE 1 | Measured curves between viscosity and shear rate of the
MR-STF (A) without and (B) with magnetic field.

THEORETICAL ANALYSIS OF THE
MECHANICAL MODEL OF THE MRCSD

The displacement limit of the damper is designed based on
the requirement of story displacement of a structure in an
earthquake zone. According to the relevant provisions of the
Code for Seismic Design of Buildings (GB 50011-2010) on the
maximum floor displacement and floor height ratio (the limit
value of the displacement angle between floors), if the height
of a single floor is 3 m, there is 3 m x 1/50 = 60 mm, so
the maximum design displacement of the damper is £ 60 mm.
Considering the displacement of the structure at high frequency
and small amplitude, the maximum compression of the
decoupling spring is 4 mm.

Structural Design

In this paper, a MR shear thickening fluid with shear thickening
effect and MR effect is manufactured. Based on the rate sensitivity
and magnetic sensitivity of the MR shear thickening fluid, a
MRCSD is designed, which is suitable for various vibration
excitation environments and has the function of anti-impact
energy dissipation. The basic structure of the damper is shown
in Figure 2. It mainly consists of a piston rod, a cylinder, a piston,
front and rear end caps, coils, and permanent magnets.

Working Principle

The MRCSD has two working units: the main piston part and
the auxiliary piston part. The main piston part bears the function
of shock resistance and energy dissipation. Through the design
of a permanent magnet and an excitation coil, the auxiliary
piston part can realize the energy dissipation with continuous
variable damping.

The basic working principle of the MRCSD is as follows: The
MRCSD is designed with a parallel connection of the main piston
part of the anti-impact energy dissipation and the sub-piston
part with dual characteristics of MR effect and shear thickening
effect. The damper designed in this paper drives the piston to
move under the excitation of the external environment. When the
seismic displacement is small, the energy dissipation performance
is low. The main piston starts to work. With the increase of the
displacement, the permanent magnet arranged in the secondary
piston produces the MR effect in the working gap between the
secondary piston and the main cylinder body, and the energy
dissipation performance of the damper increases. When the
seismic displacement is large, the energy dissipation performance
of the damper increases. After the main piston and the auxiliary
piston work together, the output of the damping force can be
adjusted by controlling the current. The dual characteristics of the
MR effect and the shear thickening effect at the working clearance
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FIGURE 2 | Structural form of the MRCSD.
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of the auxiliary piston can be realized, and the vibration reduction
effect of the impact energy dissipation and the damping energy
dissipation can be achieved. Finally, the effect of continuous
variable damp and energy dissipation can be achieved.

Theoretical Analysis of the Mechanical

Model

Aiming at a new type of MR stage damper designed in this
paper, the mechanical model theory of a MR stage damper is put
forward. The basic design parameters of damper structure can be
derived from the damping force formula of shear valve viscous
damper (Chen, 2012) and can be given by

2nKLy - (RE — ) - [(R? — ) (m + 1]

B\ w2 143
me(3)" (%)

F

11m2+12m+3

2m+2 .
2m+1)(3m+1)

2m+1

h
2

I

(1)

[

ym

In the model, g, is the inner diameter of the damper cylinder
block, r is the radius of the piston rod, g, is the radius of
the main piston, r, is the width of the main piston, K is the
dynamic viscosity of the fluid medium, m is the flow index,
n, is the working clearance of the main piston, and V is the
velocity of the piston.

According to the different simplified forms, there are different
theoretical calculation formulas for the damping force of shear
valve type MR dampers, but the most widely used formula which
can directly reflect the relationship between damping force and
physical parameters is (Yu et al., 2012)

3L[n(D? — d*))?
F =
47Dh3

3Ln(D? — d?)

4h @

Tysgn(v)

where F is the damping force, L is the effective length of the
piston, D is the inner diameter of the cylinder block, d is the
diameter of the piston rod, h is the working clearance, V is
the moving speed of the piston, 1, is the shear yield strength
of the MR fluid, and 1 is the zero-field apparent viscosity
of the MR fluid.

The dynamic viscosity of the fluid medium can be derived by
introducing the correction term Eq. (2) and can be expressed as

kx - sgn(x)sgn (v),S < C
—kx,xsgn(v) <C—8,5S> C
kx,C—S <xsgn(v) <2C—8,8>C
0,xsgn(v) >2C—S§,5>C

K(x) = (3)

where S is the amplitude of the damper, C is the maximum
compression of the disk spring, and k is the elastic constant of

the disk spring.
[ F| + K(x), —4mm ~ 4mm
3L, [2(D* — )]
—{F+ .
4T[Dh2
3L,m(D* — d?)
F— — Tysgn(v), —60mm~ — dmm (4)
3L, [n(D? — 8]
4 L [7( : )] .
4nDh;
3L,m(D* — d?)
—I—T - tysgn(v), 4mm~60mm
2

where F is the damping force of the damper, k(y) is the damping
force of the dish spring, f, is the damping force of the main piston
of the damper, 1, is the effective length of the auxiliary piston, and
1, is the working clearance of the auxiliary piston.

Equation 4 provides the guidelines for the design of the size of
the MRCSD. After repeated adjustment of the design process, the
basic structural parameters of the MRCSD are shown in Table 2.

MAGNETIC CIRCUIT DESIGN

Finite Element Simulation of the

Magnetic Circuit
The magnetic circuit of the MRCSD mainly includes the magnetic
circuit of the auxiliary piston. The magnetic circuit of the
auxiliary piston is simulated by the finite element method to
determine the parameters of the magnetic circuit. Next, the finite
element model of the auxiliary piston is established by using the
ANSYS software developed by ANSYS Corporation in the United
States. The size of the permanent magnet in the magnetic circuit
and the number of turns of the excitation coil are determined by
the finite element simulation analysis of the auxiliary piston.
Figure 3A shows the finite element model of the auxiliary
piston. Al is 45 steel; A2 is MR fluid; A3 is air; A4 and A5

TABLE 2 | Basic structural parameters of the MRCSD.

MR-STF complex kPas AMRe/RMRe MPa/%

viscosity

MR-STF dosage 5,993 ml Damper cylinder 15 mm
wall thickness

Working clearance 1 mm Working clearance 1.2mm

of main piston of auxiliary piston

Outer diameter of 198 mm External diameter 197.6 mm

main piston of auxiliary piston

Limit stroke of main 60 mm Limit stroke of 60 mm

piston auxiliary piston

Working clearance 132 mm Working clearance 160 mm

length of main length of auxiliary

piston piston

Effective stroke of 4 mm Number of turns of 800

decoupling spring auxiliary piston coil

Piston rod diameter 70 mm Maximum power <120 W

Current range of 0-3A

auxiliary piston
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FIGURE 3 | Finite element model of magnetic circuit structure and results: (A) material partition, (B) finite element mesh, (C) distribution of magnetic lines, and (D)
total flux density distribution.
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FIGURE 5 | Main components and overall drawings of the MRCSD: (A) front cover, (B) cylinder block, (C) pull rod, (D) rear cover, (E) shaft earrings, and (F) overall

drawings of the MRCSD.

Overall drawings of the MRCSD

are excitation coils; A6 is OCr18Ni9 stainless steel; and A7
and A8 are N30 NdFeB permanent magnets. Considering the
opposite direction of coercivity of A7 and A8, they are defined
as two kinds of materials, respectively, when defining material
properties. Figure 3B shows its finite element meshing diagram,
in which the number of elements is 24,085 and the number of
nodes is 24,397.

The distribution nephogram of the magnetic line and the
magnetic induction intensity of the magnetic circuit of the
auxiliary piston is shown in Figures 3C,D.

Magnetic Induction Curve

When the input current I of the excitation coil varies between
—2 and 2 A, different magnetic induction intensities can be
obtained at the working gap, as shown in Figure 4. When
the current is in the positive direction, the magnetic induction
intensity at the working gap increases with the increase
of the current, and with the increase of the current, the
increase of the magnetic induction intensity at the working
gap decreases, which is caused by the nonlinearity of the
material permeability and the saturation magnetic induction
intensity close to the material. When the current is negative,
the magnetic induction intensity at the working gap decreases
with the increase of the current. It can be seen that the
interaction between permanent magnet and excitation coil not
only realizes the bidirectional adjustment of the damping force
of the auxiliary piston but also ensures the output of the
damper in case of power failure. It can also be seen from the
figure that the magnetic induction intensity in the damping
channel mainly concentrates on the magnetic poles, and the
magnetic induction intensity between the poles is very small.
Therefore, the magnetic induction intensity at each pole can be

approximately considered when calculating the damping force of
MR dampers.

After the preparation of the MR-STF material, the design of
magnetic circuit structure, and simulation analysis, a MRCSD is
manufactured. The main components and the overall diagram of
the damper are shown in Figure 5.

PERFORMANCE TEST OF THE MRCSD

The shear performance test machine of the MRCSD
adopts the SDS-300 servo dynamic and static test machine
provided by the National Mechanical Experiment Center
of Hohai University. The experimental setup is shown in
Figure 6. The DC power supply is used to connect the
excitation coil of the damper secondary piston. During the
experiment, the displacement amplitude of the damper is
controlled, and the mechanical properties of the damper
are tested under the conditions of small displacement, large
displacement, and impact. The maximum displacement
is 4 mm in the case of small displacement and 60 mm
in the case of large displacement, and the input current
range was —2 to 2 A.

Under different working conditions, the test results of the
MRCSD are shown in Figure 7.

Figure 8 shows the load displacement curve of the
MRCSD when a different current is applied under different
working conditions. It can be seen from the figure that
the damping force of the damper increases with the
increase of the current and decreases with the decrease
of the current, while the damping force changes linearly
with the current.
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(1) Under the condition of small displacement of a different
current, that is, when the amplitude of the damper does
not exceed the maximum compression of the Belleville
spring by 4 mm, only the main piston works alone,
and the dynamic characteristic curve of the damper is
shown in Figure 7A. The curves of damping force in the
figure are inclined to some extent, which is caused by
the influence of the Belleville spring. When the piston
rod deviates from the balance position, it compresses the
spring, and the damping force of the damper increases with
the increase of displacement; when the piston rod returns
to the balance position, the spring loosens and the damping
force decreases with the decrease of the displacement.

(2) Under the condition of large displacement of different
current, that is, when the amplitude of the damper exceeds
the maximum compression of the Belleville spring by
4 mm, the main piston and the auxiliary piston work
together. The load displacement curve of the damper is
shown in Figure 7B. It can be seen from the figure that
both sides of the damping force curve incline to a certain
extent, which is caused by the disk spring when the piston
rod returns to the balance position from the maximum
displacement. Similarly, this characteristic is also beneficial
to the vibration control of the structure.

Compared with the damper output under small displacement
and large displacement, it can be seen that under small
displacement, the adjustable range of the damper output is 37.5-
170.6 kN, and the adjustable multiple of the damping force is
about 4.5; under large displacement, the adjustable range of the
damper output is 192.8-250.2 kN, and the adjustable range of the
damping force is about 1.3. It can be seen that for the MRCSD,
in the case of small displacement, the output of the damper
is smaller, but the adjustable multiple is higher. In the case of
large displacement, the adjustable multiple of the damping force
is smaller, but the maximum output of the damper is larger.
Compared with the traditional oil damper, the MRCSD is more
suitable for the vibration control of civil engineering structures.

The hysteretic curves of load displacement under different
loads, strokes, and frequencies can reflect the damping
dissipation capacity of the device. The test data and theoretical
calculation data of the damper’s damping characteristics can be
seen in Table 3.

MECHANICAL MODEL AND
PARAMETERS IDENTIFICATION

Mechanical Model of the MRCSD

It can be seen from the analysis of the mechanical characteristics
of the damper that the damping force of the MRCSD is delayed
relative to the input displacement. This phenomenon of energy
loss is generally called “hysteresis.” In order to better describe
the mechanical characteristics of the MRCSD, due to the effect
of the disk spring, and considering the hysteresis characteristics
of the MR damping force and the space phenomenon. Therefore,
in combination with Formula (1), the correction formula of

FIGURE 6 | Experimental device of the MRCSD.

the damping force model of the anti-impact energy dissipation
damper is shown in Eq. (4):

2 a1? 2
P = [3nL2 [n(D* - d»]"  3Ln(D d)wgn )

14
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the comparison of the experimental results and fitting curves

TABLE 3 | Comparison of theoretical value and experimental value.

Electric current/A 2
where S is the amplitude of the damper, x is the absolute value  Small displacement/kN Theory 187.9
of the lag critical displacement, x; is the space of the damper, C Experiment 170.6
is the maximum compression of the Belleville spring, and k is the  Large displacement/kN Theory 252.6
elastic constant of the Belleville spring. Experiment 250.2
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of small displacement and large displacement under different
currents. It can be seen from the figure that the dynamic
model can well describe the force displacement hysteretic
curve of the MRCSD.

It can also be seen from the corresponding force-velocity
relationship curve shown in Figure 9 that the damper force
has strong speed sensitivity when the small displacement is
shifted, and the damping force increases rapidly when the speed
increases. At the same time, the force-speed curve of the damper
is fuller when the size displacement is lowered. When the
speed increases, the damping force decreases, and the damping
force increases when the velocity decreases. There is an obvious
damping force lag phenomenon, and the damping force lag
phenomenon should be fully considered when establishing the
mathematical model of the damper.

CONCLUSION

In this paper, a MRCSD is designed and developed, which can
be adapted to the environment of different vibration excitation
frequencies. The dynamic mechanical properties of the damper
are tested. Based on the comparison between the test results and
the theoretical calculation results, the rationality and correctness
of the intelligent damper design are verified. Some conclusions
can be drawn as follows:

(1) The MR shear thickening fluid used in the damper was
prepared and its dynamic mechanical properties were
tested. The experimental results show that when the mass
fraction of iron particles is lower than a certain value, the
MR effect and shear thickening behavior can be observed.
At the same time, the new intelligent fluid can be controlled
by magnetic field and shear rate. With the concentration of
iron particles, the shear thickening effect of the MR-STF is
inhibited, while the MR effect is more obvious.

(2) We analyze the development process of MRCSD from the
magnetic circuit finite element analysis and structural finite
element analysis. The finite element results show that: (1)
the structure size and the number of turns of the coil meet
the design index, and the magnetic field utilization rate of
the magnetic circuit design is higher; (2) with the increase
of the positive current, the magnetic induction intensity
in the working area gap increases gradually; (3) with the
increase of the negative current, the magnetic induction
intensity in the working area gap decreases gradually.

(3) The experimental results of the proposed damper show that
the MRCSD has the characteristics of control damping, and
can achieve the effect of isolation and vibration reduction
under different earthquake intensities. The maximum
output of the damper can reach 250.2 kN. These indicate
that the damper achieves the expected design goal.
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